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CARBON DIOXIDE AND THE 
GREENHOUSE EFFECT 



TUESDAY, FEBRUARY 28, 1984 

House of Representatives, Committee on Science and 
Technology, Subcommittee on Investigations and 
Oversight, and Subcommittee on Natural Re- 
sources, Agriculture Research, and Environment, 

Washington, DC. 

The subcommittees met, pursuant to notice, at 9:40 a.m., in room 
2218. Rayburn House Office Building, Hon, Albert Gore, Jr. (chair- 
man of the Subcommittee on Investigations and Oversight) presid- 
ing, 

Present: Representatives Gore, Scheuer, Volkmer, Reid, 
McGrath, Skeen, Schneider, and Lewis. 

Mr. Gore. The subcommittees will come to order, 

I would like to welcome all of our witnesses and guests today, 
This is the latest in a series of hearings that our two subcommit- 
tees have been having on the greenhouse effect, 

One of the observations that some of us on the Science and Tech- 
nology Committee have been making recently has been the increas- 
ing evidence that science and technology are presenting our society 
with social and political challenges unlike any we have ever con- 
fronted in the past? v The way we live is inevitably going to be al- 
tered by our technological creations and by the increased knowl- 
edge we derive from the healthy scientific enterprise that we spon- 
sor in this country. Thus, as legislators, we have a responsibility to 
keep up to date, and try and anticipate problems, rather than wait- 
ing for a disaster to be sprung upon us. 

Such is the case with the subject we are here to discuss today. 
The greenhouse effect is a precise example of how our increased 
knowledge is really laying a new problem at our doorstep and, 
moreover, it shows how our scientific enterprise can give us bad 
news where one cannot help musing that some information we 
wish that we didn't know. 

The greenhouse effect in some respects seems more like a bad 
science fiction novel than a critical issue deserving public policy 
review of the highest order, Indeed, some still find it difficult to 
discuss this issue in a totally rational way, in view of its almost un- 
thinkable potential, Can we really imagine a New York City with 
the climate of Palm Beach, a Kansas resembling central Mexico, or 
40 percent of Florida under water? Its difficult. 

Given the serious, indeed the potentially drastic impacts of this 
scenario, however, it is critical that the Government research this 

m 
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problem to its fullest, for thin is not a problem to be ignored More- 
over,. if we simply put off critical challenges, we often find out later 
that it s too late to act. 

For this reason, my colleague and good friend, Jim Scheuer, who 
chairs the Subcommittee on Natural Resources, Agriculture Re- 
search and Environment and I have made this phenomenon a pri- 
ority, along with our the ranking member, Joe Skeen, and the 
membership of the two subcommittees. 

We had first explained the serious nature of this problem in July 
1981, when a number of prominent scientists, notably Roger Re- 
vel le, gave us their opinion that the greenhouse effect was not a 
theoretical entity, but a real phenomenon. 

In April 1982, when we revisited the issue, the message that we 
heard was even more troubling. First, the evidence was made clear 
by Nobel laureate Dr. Melvin Calvin that the greenhouse effect 
was no longer just a pet theory of a few, but rather that its exist- 
ence had become the subject of a scientific consensus. 

This viewpoint was buttressed by evidence presented by James 
Hansen and George Kukla that the rise in COa Itvels could be cor- 
related rather precisely with a rise in the Earth's mean tempera- 
ture, a shrinking of the polar icecaps, and a resulting rise in the 
Earth's mean sea level. At that time the Washington Post ade- 
quately described the situation when they penned an editorial that 
stated the greenhouse effect wgs no longer just something for the 
"sandals and granola" crowd. It was in the mainstream of scientific 
thought. 

The newest questions in our examination of this issue then 
became: When can we expect to see the impacts of this phenome- 
non? How severe will those impacts be? And how should we pro- 
ceed from he^e in our research program? These are the essential 
questions we hope to put to the scientific community today. 

In terms of the impact of the greenhouse effect, we will hear 
today from the National Academy of Sciences and th^ Environmen- 
tal Protection Agency on two important reports that they have 
issued in between our last hearing and this hearing. These reports 
are important, in that they represent the first attempts to calcu- 
late exactly what the impacts of the greenhouse effect will be, and 
when they will be felt. 

EPA predicts that we will experience a rise in temperature in 
the neighborhood of 3.6 degrees Fahrenheit by the year 2040, and a 
rise of as much as 9 degrees Fahrenheit by the year 2100. An earli- 
er study by the same group projected that we could experience sea 
level increases ranging from 4.5 to 7 feet by the end of the next 
century. 

Even given the EPA's rather significant impacts, their postula- 
tions about how we could slow down or mitigate the impact of the 
greenhouse effect were even more dire. They essentially concluded 
that there were, and are, no reasonable policy options available to 
slow down this phenomenon. 

The National Academy of Sciences was more optimistic. While 
they predicted a 2- to 8-degree Fahrenheit rise in temperature and 
a 2.*>foot rise in sea levels by the year 2100, they were far more 
comforting in that they pointed out that there are a number of 
mitigating factors, such as reforestation and the ocean systems, 
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which will eithiM' slow down the impacts, or at least make them 
less dislocating. 

Today we will also hear from a panel of noted scientists that the 
role of the oceans is a major unknown in the Earth's atmospheric 
scheme. While we had once thought that the ocean might absorb 
much of the heat created by a C0 2 buildup, some prestigious re- 
searchers in this discipline will tell us today that perhaps those as- 
sumptions about our ocean systems were dead wrong, and that the 
oceans, ironically because of the greenhouse effect, may be losing 
their ability to stop the harm. In this respect the greenhouse effect 
"is both its own cause and effect. 

Lastly, we will begin today to review the Department of Energy's 
'research program. Regardless of how dire one's viewpoint might be, 
it is inarguably true that now is the time to begin deciding what 
questions need to be asked and how we should go about answering 
them. 

A few months ago I was asked to explain my own concern about 
the greenhouse effect. My response was that, like many others, I \ 
have children and hope to have grandchildren. I think that we owe 
our grandchildren the opportunity to live in this country and in a 
society resembling the one we now have, if not better. We all owe 
it to our future generations to reduce the uncertainties and find a 
solution to this problem of C0 2 buildup. It is in this spirit that we 
will conduct these proceedings today. 

Now I would like to call on the cochairman for these hearings, 
Congressman Jim Scheuer. 

Mr. Schkuer. I" thank you, Mr. Chairman. 

I have an eloquent statement of soaring beauty but I don't think 
it can match with the statement we are going to hear from Carl 
Sagan. who is our first witness. So I would ask unanimous consent 
to insert my statement in the record for the benefit of your grand- 
children who are soon to come and my first grandchild who came a 
week ago. [Laughter.] 

Mr. Gork. Oh, great. Without objection, we'll do just that. 

[The opening statement of Mr. Scheuer follows:] 




7 



4 



STATEMENT OF THE 
HONORABLE JAMES H. SCHEUER, CHAIRMAN 
SUBCOMMITTEE ON NATURAL RESOURCES, 
AGRICULTURE RESEARCH AND ENVIRONMENT 

February 28, 1984 



Thank you, Mr» Chairman. 

In this century man has acquired the 
power to catastrophically 
modify the fragile atmosphere 

OF OUR PLANET i 

In contrast to the cataclysmic 
effects of a major exchange 
of nuclear weapons on the environ- 
ment, the build up of carbon dioxide 
and other trace gases is expected 
to result in slow but inexorable 
change in climate • 

The RESULTS OF BOTH, HOWEVER, MAY BE 
EQUALLY DISASTROUS. 
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Increasing uvkls of carbon dioxide 
cause heating of the earth* s 
atmosphere by trapping additional 
solar radiation., a phenomenon 
known as the "greenhouse effect", 

This effect has been modeled with 
steadily improving realism for 
more than a cen1 ,*y, 

But today's worst case scenarios give 
us only a few decades to respond -to 
these insidious changes in our environ 
ment if we are to avoid major economic 
and social repercussions, 

the potential impact is staggering. 

According to a recent National Academy 
of Sciences report, severe reductions 
in water runoff into the Missouri, 
Rio Grande and Lower Colorado water 
regions are a realistic scenario ?or 
the next century. 
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Crop yields in the mid-west may drop 
significantly in the warmer,, drier 

CLIMATE, 

i 

: 

The sea level, may rise by over two feet, 
or, according to a recent epa report, 
by over ten feet. 

if such projections are even approximately 
correct, then we need to have accurate 
and reliable data now. 

Decades are required to plan and implement 

THE IMPLIED MAJOR CHANGES TO THE 
INFRASTRUCTURE OF OUR COASTAL CITIES 
AND INDUSTRIAL PROGRAMS, 

Is our research program adequate to meet .our 
needs? 

The Administration appears to believe so. 

\ 

However, the Department of Energy budget 
request for the carbon dioxide program 
is only $13.4 m, an increase of a mere 

$0.9 N (7%) OVER THE FY 84 appropriation. 
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Yet a recent EPA report concludes that 
"changes by the end of the 21st 
century could be catastropic taken 
in context of today 's world", and that 
"a s'ense of urgency should underlie 
our response to the greenhouse effect", 

the requested funding levels are inconsistent 
with these conclusions, 

is 

Furthermore, they are negligible relative 
to the costs of continuing to approach 
the problzm of changing climate 
conditions in a fragmented and disorganized 

FASHION, 

Today's hearing will examine recent research 
results which have advanced our knowledge 
and which have demonstrated how little 
we know about some of the critical 
elements of climate change, 

we shall also hear from officials of the 
Department of Energy. 

They will address the President's budget 

RLQULST FOR THE CAftnON DIOXIDE PROGRAM 
FOR 1935 mND THE CHANGES IN THE PROGRAM* S 
SCOPE AND DIRECTION, 
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Mr. Gork. I would like to rt cognize my colleague, the ranking 
minority member of the Investigations Subcommittee, Joe Skeen. 

Mr. Skeen. Thank you, Mr. Gore, and thank you, Mr. Scheuer. I 
will concur with Mr. Scheuer's observation, and also in the interest 
of this grandson who was born July 11, and my first. I would 
rather listen to the distinguished leader of the 'panel we have 
today. 

I do want to say, however, this is a very serious topic. I want to 
congratulate you two for your continued interest and the emphasis 
that you have given to this important issue. Thank you very much, 
Mr. Chairman. 

[The opening statement of Mr. McGrath follows:] 
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Honorable Raymond J. McGrath 
Hearing on Carbon Dioxide and the Greenhouse Effect 
February 28, 



WA 



THIS MORN INS. 

i 



r,NT TO JOIN THE CHAIRMEN IN WELCOMING OUR WITNESSES HERE 



AS IS THE CASE W I TH AC ! D RA« N AND POLLUTION OF OUR LAKES, 
RIVERS AND OCEANS, INCREASING C0 2 IN THE ATMOSPHERE REPRESENTS A 
PROBLEM OF 'GLOBAL PROPORTIONS. WE. CANNOT OVERLOOK THE 
RELATIONSHIP BETWEEN DECISIONS WE MAKE NOW REGARDING THE 
ATMOSPHERIC SITUATION AND WHAT WILL HAPPEN ONE OR TWO OR THREE OR 
MAYBE EVEN FOUR DECADES FROM NOW. SUCH IS THE DILEMMA OF ALL OF 
OUR ENVIRONMENTAL CONCERNS. 
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we are constantly looking to science for the guidelines upon 
which we base our legislative action, yet, the time constraints 
under which science and the congress work do not always complement 

ONE ANOTHER. v 

For science ro WORK efficiently, hypotheses must be tested 

AND RE7ESTKD BEFORE A THEORY IS CONFIRMED, IN CONTRAST/ WE HERE' 
IN CONvRESS ARE OFTEN CONFRONTED WITH DEMANDS FROM OUR 
CONSTITUENTS FOR IMMEDIATE ACTION ON ENVIRONMENTAL THREATS, 

I THINK WE CAN SAFELY SAY THAT THERE IS A SCIENTIFIC 
CONSENSUS THAT A C02- I NDUCED CHANGE CAN BE EXPECTED. THE 
UNCERTAINTIES SEEM TO FOCUS ON WHEN THE CHANGE WILL OCCUR/ ffii£R£ 
IT WILL OCCUR/ AND hQU LARSE IT WILL BE. 

WE NEED TO INSURE THAT OUR RESEARCH IN C02 IS FUNDED 
ADEQUATELY AND FOCUSED ON AREAS WHICH WILL LEAD TO REDUCTIONS IN 
THFSE UNCERTAINTIES. I LOOK FORWARD TO RECEIVING THE RESEARCH 
Rl f.OMMLNDAT I ONS OF OUR DISTINGUISHED WITNESSES. 
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Mr. (ioKK. Well, thank you. Lets just call our first witness, then. 

We are very honored to have Dr. Carl Sagan from Cornell Uni- 
versity and other parts as well. We, the subcommittee?;, are indebt- 
ed to you, Dr. Sagan, for agreeing to take a great deai of your valu- 
able time to review some of the existing literature on this problem, 
and utilizing your well-known and, in my view, rather extraordi- 
nary talents for putting science in a perspective that us lay people 
can understand helping us to sort through this problem. We really 
appreciate the amount of time that you have spent on it, and with- 
out further ado I would like to call on you at this time. Welcome. 

STATEMENT OF DR. CARL SAGAN, LABORATORY FOR 
PLANETARY STUDIES, CORNELL UNIVERSITY 

Dr. Saoan. Thank you, Congressman Gore. I am pleased to be 
here in more ways than one. It was a long flight. 

Let me begin oy saying that what I will try to give is a general 
perspective on this problem. The other panelists and witnesses will, 
I gather, give a detailed description of the recent 2PA and Nation- 
al Academy studies, and they are much more qualified to ,do that 
than I am. 

But what I would like to do is, first of all, provide some assur- 
ance that thei'e is such a thing as a greenhouse effect and that it 
can be serious, and at the end of my remarks to say something 
about the general question of constantly stumbling upon new po- 
tential catastrophes of climatic and other sorts, and the question of 
what, if anything, can be done at least to keep a little bit ahead in 
this sequence of potential catastrophes that seem to be discovered, 
one every few years. 

If you imagine a planet which has no atmosphere and no clouds, 
what determines the surface temperature? Well, in principle there 
would be two sources of energy. There might be internal energy 
coming up from the inside of the planet — this is certainly true for 
Jupiter, foi example, to a significant degree— and there is energy 
coming from the outside, and that is almost entirely from the Sun. 

In the case of the Earth and the inner planets, there is no signifi- 
cant energy coming from the inside, so the source of the tempera- 
ture of the surface of the planet is sunlight. If there were no atmos- 
phere, thon how does the amount of sunlight determine the tem- 
perature? Well, if the planet is highly reflective, then less sunlight 
is absorbed and goes into heating the place. If a planet is not very 
reflective, if it absorbs a lot of sunlight, the*, that light goes into 
making the place hotter. 

This reflectivity, the ability to reflect light back to space, is often 
called the albedo— a-l-b-e-d-o— and it can vary. Freshly fallen snow, 
for example, has an albedo of maybe 70 percent, and Mack velvet 
has an albedo of a few percent, and most things fall in between. 
Deserts are 20 percent, and so on. 

Now if the Earth had its present albedo but had no atmosphere, 
the average temperature of the Earth would be well below the 
freezing point of water. This planet would, in fact, be uninhabitable 
if there were no greenhouse effect. It is the greenhouse effect that 
brings the average temperature of the Earth well above the freez- 
ing point and permits oceans and bodies of water and all that. 
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So now let 's any something about greenhouse effect. In a very 
simple way, what happens in the greenhouse effect is something 
like this. First of all, let me say it is a misnomer, the phrase 
"greenhouse effect," in that greenhouses don't work that way. But 
this is a historical error we needn't go into. Now consider a planet 
withliir, like our own, which is clearly transparent— except in Los 
Angeles to sunlight. So visible light from the Su n comes through 
thp atmosphere and strikes the surface and, as we were saying a 
moment ago, warms it up. The surface, like every other object in 
the universe that is not at absolute zero, radiates and at the tem- 
peratures of the surface of the Earth, it radiates mainly in the in* 
frared part of the spectrum, radiation that is longer wave than the 
red part of the visible spectrum. You do not directly sense infrared 
radiation, sometimes called heat radiation, but it sure is there. 

What happens is, a kind of equilibrium is established so that the 
amount of sunlight coming in from the Sun that is absorbed by the 
planet is precisely balanced by the amount of infrared radition 
emitted by the planet back to space. Now, in the case of a green- 
house effect, the visible light comes in just as it would have if there 
were no atmosphere, but the atmospheric gases invisible in the 
visible— that is, transparent in the visible part of the spectrum- 
tend to be opaque in the infrared part of the spectrum. The ther- 
mal radiation in the infrared is impeded from getting out. You can 
consider it as a kind of blanketing of tht; Earth in the infrared and 
not in the visible part of the spectrum. 

As a result, the surface temperature has to go up until the radi- 
ation which is leaking out in the infrared where there isn't a lot of 
opacity just balances the visible radiation that is coming in. And 
such greenhouse effects can be very significant. In the Earth's at- 
mosphere, the greenhouse effect is due mainly to carbon dioxide 
and to water vapor, with other constituents playing more minor 
roles, although oxides of nitrogen and other materials could be sig- 
nificant on a smaller scale. 

Now it's not that the entire infrared soectrum is opaque. There 
are some parts of the infrared which arc transparent, some parts 
which are opaque, depending on where the greenhouse gases— in 
this case, CO2 and water— like to absorb. If you put more of those 
gases into a planetary atmosphere or into the Earth's atmosphere, 
you will have more opacity. You will blanket the planet more, an<K 
you will force the surface temperature to rise in order to maintaj^ 
the equilibrium between what comes in and what goes out. / 

Now it does not follow that if you double the amount of caroorf 
dioxide or other greenhouse gas, you double the temperature or 
double the opacity in a nonlinear situation. For example, you can 
have a region of the infrared spectrum where the CO2 is already 
absorbing essentially all the infrared radiation it is going to absorb. 
Put in more COu, it doesn't change anything there. But in a differ- 
ent part of the spectrum, where COa hasn't absorbed very much up 
to now, if you double the CO2 you can cause a very significant in- 
crease in the opacity of that part of the infrared. Each of these dif- 
ferent regions or absorption bands has to be considered in detail, 
separately. I stress that the problem is not a linear problem. 

Now, suppose you were skeptical about the existence of a green- 
house effect or were skeptical about the possibility that it can 
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really amount to n lot. In this case it is very useful to look at other 
planets because nature has arrayed for us a range of planets, some 
of which there is negligible greenhouse effect, others significant 
greenhouse effect and one a monster greenhouse effect, and it is 
very useful to take note of what nature has kindly provided for our 
edification, 

So, if we look at Mars, that's a planet which has carbon dioxide 
in its atmosphere but the total amount of atmosphere is very little, 
It's something like 1 percent of the atmosphere hrre, and so the 
greenhouse effect on Mars is very small. You can accurately calcu- 
late what the average temperature of Mars ought to be from how 
much sunlight gets there and what its albedo is pretty well, even if 
you ignore the greenhouse effect. 

On thfe other hand, let's look at our other neighbor, Venus. In 
the case of Venus, if you ignored the greenhouse effect you would 
deduce that the temperature of Venus is something like— I've got 
to convert from Kelvin to Centigrade— something like minus 30 or 
minus 40 Centigrade, when in fact the surface temperature of 
Venus is something like 430 Centigrade, 900 Fahrenheit, hotter 
than the hottest household oven. The reason for that is, we now 
know from spacecraft exploration— most recently the Pioneer/ , 
Venus series of spacecraft by the United States— that it is due to a 
massive greenhouse effect in which carbon dioxide is the principal 
constituent. v 

So, we have an example where the greenhouse effect can raise 
the temperature hundreds of degrees, not that anyone claims that 
something like Venus is in the offing, or what we do in the near 
future here, but it is a very useful reminder that massive changes 
in the planetary environment can come about from a greenhouse 
effect, and not just any greenhouse effect. It is precisely the same 
greenhouse gas we're concerned with in this hearing that is driving 
this enormou3 high temperature on the surface of Venus. 

Then, in the outer solar system, Titan, the big moon of Saturn, 
we now know from the Voyager explorations, has a small green- 
house ef fect, about the same magnitude as that of the Earth, but it 
is not due to carbon dioxide and water vapor at all, It is due to 
methane, which also absorbs in the infrared but in a different part 
of the infrared spectrum. 

So, the only lesson which I think is important to draw from this 
comparison with other planets is that greenhouse effects exist, that 
there are a variety of kinds of them, depending on the atmospheric 
pressure and the greenhouse gases in question. A little greenhouse 
gas can produce a very small temperatu/e increment; a lot of a 
greenhouse gas can produce a very major temperature increment; 
and it is absolutely something to take into consideration and to 
worry about. 

Now, the scientific community is in very good mutual agreement 
on the overall general consequences of the burning of fossil fuels, 
putting more carbon dioxide into the atmosphere of the Earth, pro- 
ducing an incremental greenhouse effect that is -adding to the exist- 
ing greenhouse effect. The greenhouse effect, I stress again, is a 
good thing. We owe our lives to it. And while differences between 
calculations have been stressed in the press, what is important is 
that all the calculations agree to the first order thpt doubling of 
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the carbon dioxide in the Karth'a atmosphere will increase the 
global temperature by a lew degrees Centigrade, something of that 
order. 

To require that scientists provide an absolutely ironclad, guaran- 
teed value of how much the temperature will go up is probably 
asking too much. The calculations involve many factors, and you 
cannot be absolutely sure that you have included every one of 
them. What is striking is the unanimity of all of the calculations, 
so if y few degree increment in the global temperature is a bad 
thing th?n something ought to be — you ought to start worrying 
about what to do in that case. Also, you ought to start worrying 
about whether there is some way to avoid putting more carbon di- 
oxide into the atmosphere. 

These are questions of cost effectiveness. It is riot a catastrophe 
like, for example, nuclear winter would be. It is slow, a period of 
many decades or a century before the effect we're talking about is 
fully manifested, and presumably even the worst of it is not as bad 
as iots of other things we could think about. But it does raise 
worrisome general questions. Our technology is now able to make 
significant changes in the environment of the planet we live in, 
pnnd who would have thought that burning wood and coal to keep 
I warm would have this quite unexpected consequence of keeping ev- 
erybody warmer t.han they were? 

When you run through the full range of consequences of modern 
technology, including industrial pollution, including the possible 
consequences of nuclear war, including the on-again, off-again con- 
cern about h^locarbon propellants in spray cans, there is an overall 
impression, which is that we are pushing and pulling on the global 
environment because of innocently intended high technology, in 
ways that we do not fully understand and in ways that may have 
serious consequences. That naturally raises the question of, what 
institutions are there whose job it is to try to detect; identify, and if 
possible defuse such problems early enough. 

If you look at any of these issues you find that the problems have 
been identified by individual scientists in the academic community, 
mainly who were worrying about something else and happened to 
stumble upon this or that effect. That got them worried and they 
talked to their colleagues and got other people worried. There is no 
institution whose job it is to systematically seek out such effects. 

If we have found a half a dozen such effect in the last 20 years, 
let's say, it is likely, it seems to me, that there are some more that 
we haven't stumbled on yet, and for all we know they are more^se- 
rious than any of the ones we're talking about yet, except for nu- 
clear winter. It's hard to imagine something more serious than 
that. So as an issue which seems to me relevant to the purview of 
congressional committees such as this one, is there some institu- 
tional framework in which these problems can be systematically 
sought out and addressed? It seem to me an important problem. 

Mr. Gokk. Well, thank you very much. That s extremely helpful. 

Let me call first on my cochairman, Mr, Scheuer. 

Mr. Schkukk. Thank you very much, Mr. Chairman. 

Thank you for your usually stimulating performance, Dr. Sagan. 

Some scientists say— well, they don't use the timeframe of dec- 
ades, as you did, but they use the timeframe of centuries — if this is 
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a matter that will be having an impact on us over a period of a 
century or two, is it important for us to engage in a crash research 
program now, or is it something that we should just keep an eye 
cocked on over the decades and the generations, or is it something 
that we will, as we watch it, we will make gradual accommoda- 
tions, so that when the day comes that there is a significant effect, 
we will have made incremental accommodations over the long 
period so that we will, in effect, have coped with these changes? 
How do we perceive it? In what kind of a timeframe do we seek 
comprehensive knowledge, and in what kind of a timeframe should 
we seek to effect some kind of remedial programs? 

Dr. Sagan. Well, certainly remedial programs depend upon 
having the knowledge first, and getting the knowledge is very 
cheap compared to the remedial programs. So it would seem to me 
that the course of action is very clear Learn as much as you can 
about this, certainly before you do the remedial programs but so 
that if remedial programs are necessary, you are in a good position 
to do them. 

Mr. Scheukr. Can you tell us, have you scrutinized the Federal 
research program enough to tell us what you think of its adequacj'? 
Are you familiar enough with it? 

Dr. Sagan. Well, I have an idea of what is happening. This is an 
area which is being funded at least moderately well, in my opinion. 
It would be interesting to ask the same question of Dr. Malone and 
other people who appear before you this morning but there are cli- 
mate programs. The Science Foundation and NASA do support 
this; NOAA has some research along these lines that it supports; 
but I do not have the impression that the field is absolutely awash 
in research' funds. 

There, of course, are major— this issue connects with other m^jor 
issues, for example, thermonuclear energy, the fusion programs, be- 
cause if there were a widespread, generally available, economically 
sensible fusion program, that would very well replace the burning 
of fossil fuels in those countries which have nuclear reactors. It is 
important to bear in mind that the United States is not the only 
Nation on the planet that burns fossil fuels, so no matter what the 
United States does, there will be significant increments in carbon 
dioxide emissions from other nations. This is an example, and 
there are many of them, of issues that must be considered frc/n a 
global perspective. 

In my view, the way to deal with this problem is some large 
international forum in which the views of many nations can be 
folded in, and their economic consequences. For example— I'm only 
guessing—but suppose China has enormous coal reserves, and sup- 
pose that those coal reserves represent an important economic 
value for China. Telling China not to burn the coal because we 
don't want the American coastal cities to be flooded might not be 
received as warmly— to make a bad pun— as if there were no eco- 
nomic value of the burning of fossil fuels for China. These are com- 
plicated problems but they are global problems. 

Mr. Scheuer. Is UNESCO, to your knowledge, doing anything on 
this matter in its Man in the Biosphere program? 
* Dr. Sagan. I do not know the answer to that, Congressman. 
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Mr. Schkukr. Do you think it would be ati appropriate subject 
tor a global meteorological program? The question answers itself. 
Dr. Sagan. Yes. 

Mr. Schkuer. It's quintessential^ global in nature. 

Dr. Sagan. It is, and I might mention that there are earth satel- 
lite initiatives that are not yet programmed, that could be very 
useful in monitoring global dispositions of carbon dioxide and 
measuring over long periods of time the various influences on the 
climate of the Earth, including variations in the output of the Sun, 
which is a significant possibility; including variations in the albedo 
of the Earth, place-to-place and through time. There should be, in 
my opinion, a systematic monitoring program of the Earth from 
space, which is fairly inexpensive compared to the stakes that 
we're talking about here, that would have excellent scientific 
return for its own sake, and which might provide some important 
hints and clues about what to do about this problem. 

Mr. Scheuer. Thank you very much, Dr. Sagan. 

Thank you, Mr. Chairman. 

Mr. Gork. Mr. Skeen. 

Mr. Skkkn. Thank you, Mr. Chairman. 

Doctor, I do want to commend you on your presentation. It was 
very well done and obviously you have a great command of the 
issue, the topic, because it always impresses me when someone can 
sit there and reel this business off without any notes whatever. 
You've given it an awful lot of thought, evidently, and I think that 
your reputation also portrays that kind of an image as well. 

I want to ask a specific question. I have a great interest in the 
agricultural aspects of some of this phenomenon, and that's why I 
think its great that these two committees are having joint hear- 
ings on this thing. As one who has been interested in meteorologi- 
cal phenomena for some time— and I have to confess that I was 
just a little bit surprised about El Nino, this phenomenon off of the 
west coast of South America and the severity with which the 
weather patterns have changed in the last 2 or 3 years as a result 
of that kind of activity. Is there any connection at all vUh this and 
the so-called C0 2 layer that we have? Has that phenomenon always 
been there? 

Dr. Sagan. Again, this is an issue which some of the other panel- 
ists undoubtedly know more than I do, but my understanding is 
that no one is suggesting that El Nino is triggered by an increase 
in the amount of carbon dioxide in the atmosphere. I have seen 
speculation that it might be triggered by volcanic explosions or 
that it is a periodic phenomenon in the Earth's climate, and wait 
long enough and it will 

Mr. Skkkn. This still underlines the importance of that kind of 
monitoring that we have 

Dr. Sagan. Absolutely. 

Mr. Skkkn (continuing). And space has been a great adjunct, or 
the technology of space. 

Dr. Sagan. Although not as well used as it might be, but that's 
certainly right. 

Mr. Skkkn. So your recommendation would be to expand this 
kind of activity to a great degree. 
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Dr. Sagan. Yoh, and as I was saying before, since we have many 
examples of international cooperation in space, a global satellite 
monitoring system of the Earth involving many nations 

Mr. Skeen. Multinational. 

Dr. Sagan [continuing]. Multinational, is doable, and its symbolic 
* significance as well as its scientific value would be high. 

Mr. Skeen. For our own preservation, it's about time we became 
more international with that. 
Dr. Sagan. I couldn't agree more. 

Mr. Skeen. Thank you very much, doctor. I appreciate it. 

Mr. Gore. Dr. Sagan, you and a group of colleagues recently pub- 
lished this rather epic study, the TTAPS study on nuclear winter. 
We looked at that general subject in another hearing a year ago, 
but there is a common denominator between that subject and this 
one. Of course, the nuclear winter concern is so much greater and 
it dwarfs this issue, but there is a common denominator, and it is 
that our upper atmosphere seems to be far more vulnerable to dis- 
ruptions of the kind that we as a civilization can create than we 
had previously imagined to be possible. In both instances, the dis- 
covery of the extent of that vulnerability has been serendipitous. I 
am wondering if you could— do you agree with that, that that's the 
common denominator between these two? 

Dr Sagan, Yes, and there are a bunch of other examples, both 
in the question of the effects of nuclear weapons— which I under- 
stand is not the purpose of this committee meeting— and in other 
areas. We started out, us humans, without high technology and 
there were only a few of us, and so no matter what we did a mil- 
lion years ago, we could not in a major way change the climate and 
environment of the planet. 

Now that we are approaching 5 billion and we have very formi- 
dable technology, we are able, even accidentally, to make profound 
changes in the environment that supports us. It is the height of ir- 
responsibility to make these changes and not even know that we're 
doing it. 

Mr. Gore. Yes. 

Dr. Sagan. I mean, I would think that in a well-ordered society 
you would want to understand what the— you would want to make 
an environmental impact statement for the planet before you did 
any of these things. To give another example of the fragility you 
just mentioned, I referred a little while ago to the on-again, off- 
again concern about the integrity of the ozonosphere. But if you 
brought the ozone layer down to this room, Che pressure and tem- 
perature of this room, it would be a quarter of a millimeter thick, 
That's all the ozone there is that's protecting us from ultraviolet 
light. 

I mention that just as an indication of the kind of fragility we 
are talking about. As there get to be more people on the planet, 
and as our technology gets to be still more potent, we are going to 
be pushing and pulling the environment around in still more pro- 
found ways. There has to be some institutional, systematic means 
by which we try to understand what the consequences of our activi- 
ties will be before we do something dreadful. 

One thing I forgot to say to Mr. Scheuer's question is. in princi- 
ple, one can imagine that there are irreversible changes, that you 
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can push a thing and then it goes off* on its own, and that it's a 
huge effort to try to pull it back. That's why it is so important to 
have the understanding of the phenomenon lead, the phenomenon 
itself. Don't make a big change until you thoroughh understand it. 

bo I can t emphasize strongly enough the importance of directed 
research on specific problems already identified, but also verv 
broad scale research to try to understand the atmosphere/ocean/ 
Earth system together so that we can try to ident.fy new problems 
before they surprise us. 

Mr. Gore. So our increased numbers and the ahility of technolo- 
gy and industrial civilization to magnify our power to affect the 
world around us has put civilization on this planet in the situation 
ol a bull in a china shop. 

Dr. Saoan. In some respects, where the bull lives only off the 
china, which is a poor metaphore. Right? 

I mean, it's not just that the bull by ignoring things can knock 
stuff over. It s that the bull's very life depends on that china. 

Mr. Gore. Yes, yes. 

Now your studies of atmospheric systems have also given you an 
ippreciation for something that I didn't have, and that is the fact 
.hat a change of only a few degrees in a global system can have 
rather dramatic consequences for the pattern of that system. Is 
that correct? 

Dr. Sagan. Yes, either way. A 1, 2, 3 degree Ijweriug of the 
global .climate— the global temperature— or a 1, 2, 3 decree raising 
of the global temperature, both of those can have quite serious con- 
sequences. Therefore. Tor example, a 1 or 2 or 3-degree decline in 
the global temperature doesn't sound like very much but it could 
destroy all wheat growing in Canada, let's say, a significant source 
of export food on the planet, and a few degrees increment in tem- 
perature—as the EPA and National Academy studies have 
stressed— raises some question about the melting of pack ice and 
rising of the levels of the oceans and the possible innundation of 
coastal cities. So a few degrees change either way -an have severe 
global economic consequences. 

Mr. Gore. OK. Now let me ask you a question based on a string 
of tnrep or four assumptions. Assumption number one: a consensus 
emerges in the scientific community stating that not only is the 
greenhouse effect real, but that it will have wl.at can fairly be de- 
scribed as catastrophic consequences for different regions of this 
country and the world, specifically, a loss of some coastal areas, in- 
cluding coastal urban areas; a change in the climate and ability of 
our grain belt to support food production at levels we are accus- 
tomed to. That's assumption number one. 

Assumption number two, the scientific community arrives at a 
consensus stating that these effects can be largely avoided by a 
dramatic change in the pattern of fossil fuel use globally. 

How would science communicate with public policy mak?rs about 
the urgency of doing something? Would it in your view be likely 
that the majority would conclude in those circumstances that it 
was hopeless, that the political task would be overwhelming, and 
that our best choice would simply be to evacuate coastal areto and 
busily try to create new genetic strains of crops that could at .pt to 
the new climates, et cetera, et cetera? 
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You see the major thrust of my question: If those assumptions 
fall into place, what's your view of our ability to respond to it? 

Dr. Sagan. Well, let me say first that this very important ques- 
tion is, in my view, not a scientific question. It is a political and 
economic question. 

Mr. Gore. Yes. 

Dr. Sagan. I do not claim any credentials in that area. Having 
said that, Til be glad to go on and try to answer your question. 
[Laughter ] 

Mr. Gore. Well, let me just interject one thought, and that is 
that the ability of political and economic institutions to respond to 
a challenge of this magnitude will depend in large part upon how 
clearly the challenge is perceived, which in turn will depend a 
great deal upon how the scientific community explains the prob- 
lem, how much certainty it invests in that explanation, and how 
actively involved it becomes in spelling out what the clearly sensi- 
ble choice might be. 

Go ahead. 

Dr. Sagan. I think that the scientific issues h'.re'can be laid out 
clearly to lay people. I don't think there is any difficulty in doing 
that— however, with the caveats I said before, that is, no one knows 
that the effects get really serious in the year 2025 as opposed to 
2085 or something of that sort. To that precision, we cannot expect 
that there will be consensus. 

But what I despair of is, with the present global political situa- 
tion, of getting the kind of international cooperation you would 
need here. For example, without mentioning the names of any 
countries, take countries which are on the cold side. Might they not 
think that a global warming is to their benefit? If they were to co- 
operate in whatever the strategy is— less burning of fossil fuels, 
more fusion powerplants, if and wl >n we get them — there have to 
be economic motivators that the countries that are threatened will 
give the countries that might benefit from a global warming. 

Now you also might say that *he global economy is strongly 
interdependent, so that the enormous strains on a few nations 
might further disrupt the global economy, so it is in everybody's 
interest to cooperate here. OK, but then that requires a hitherto 
unprecedented degree of international cooperation on economic 
issues. So I thin 1 ; one possible consequence of what we're talking 
about is that the present world order is not maximized, not opti- 
mized, for responding to dangers on a global scale. Nations are con- 
cerned about themselves, not about the planet, and this kind of 
problem will keep coming at us as we discover more and more such 
potential catastrophic consequences. 

Without getting into the details, the global arms, race in nuclear 
weapons between the United States and the Soviet Union has just 
this character of being concerned only about the United States and 
the Soviet Union, and neither nation taking much cor.cern at all 
about other nations far from their dispute— the dispute of the 
United States and the Soviet Union— other nations that we now 
recognize have everything at stake in case of nuclear war. 

Mr. Gore. Well, very good. 

Do you have any questions? 

Mr. Reid. xNo. 
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Mr. Skkkn. No. 

Mr. Gokk. Well, 1 want to thank you for—did you have a ques- 
tion? 

Mr. Schkuer. Just one observation, sort of illuminating a remark 
you made about one man's feast is another man's famine. I under- 
stand that this warming effect that would inundate most of our 
coastal cities would have the effect in Russia of making Russia one 
of the major wheat-growing areas of the world. It would have, had 
she been in that condition now. it would have entirely eliminated 
her dependence on Canada, A .stralia, and the United States for 
wheat. It would be very much to Russia's interest. 

So you have a perfect example there of the fact that Russia 
would benefit enormously from a 2- or 3-degrees increase in her 
temperature. 

Dr. Sagan. On the other hand, there's not very much that the 
Soviet Union could do about this. I mean, commands to various dis- 
tant oblasts to burn more fuel is not going to hurry up this proce- 
dure. We have to recall what the time scale of these changes is. 

Mr. Schkuer, Yes, but the urgency of her cooperation in remedi- 
al 'programs might be somewhat diminished by the fact that she 
would be benefited by this phenomenon. 

Dr. Sagan. It might be, except that when we then add four or 
five or six or seven or eight other kinds of global problems, you will 
find some which go the other way, in which the United States 
would differentially benefit and not the Soviet Union. If you just 
step back from the planet and look down at it, it is clearly in the 
interest of everybody on the planet to cooperate on these issues. 

Mr. Scheuer. Thank you, Mr. Chairman. 

Mr. Skeen. Mr. Chairman? 

Mr. Gore. Yes. 

Mr. Skeen. By the same token, if that happened; the Russians' 
so-called winter syndrome in their attitude might be changed a 
little bit. They would be a little happier people than they are. 
[Laughter.] 

Dr. Sagan. And you think Americans would, by the same token, 
get much more grumpy? 

Mr. Skeen. Well, no. It's hard for us to get any grumpier or 
become more critical. [Laughter.] 

Mr. Gore. Well, great. I really thank you for giving us this over- 
view from a fresh perspective to start off this hearing, It is ex- 
tremely helpful and, again, I want to thank you for taking the time 
to delve into this. We are very grateful. We have worked with you 
in the past, and we look forward to working with you in the future. 
As you k* w, I admire the work that you do, Dr. Sagan. Thank you 
a^din for getting us off to a good start today. 

Dr. Sagan. Thank you very much, Mr. Chairman. 

Mr. Gore. Let me call our first panel of witnesses: Dr. John Tra- 
balka, with ;he Environmental Sciences Division at Oak Ridge' Na- 
tional Laboratories; Dr. Wallace Broecker from the Geochemistry 
Department at Lamont-Doherty Observatory in Palisades, NY; and 
Dr. William Jenkins from the Woods Hole Oceanographic Institu- 
tion in Woods Hole, MA. 

Dr. Broecker, I am sorry I mispronounced your name earlier. Did 
I get it right that time? 
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Mr. Brokokkk. That's right. 

Mr. Gork. OK. All right. Thank you. 

We will hold off on questions until all three panelists have com- 
pleted their statements. We would like to begin with Dr. John Tra- 
balka from the Environmental Sciences Division at Oak Ridge Na- 
tional Laboratories. 

Dr. Trabalka, welcome to you. We are delighted to see you, and 
please proceed. 

STATEMENT OF DR. JOHN TRABALKA, ENVIRONMENTAL 
SCIENCES DIVISION, OAK RIDGE NATIONAL LABORATORIES 

Mr. Trabalka. Thank you, Mr. Gore. I first would like to thank 
the joint committees for the invitation to testify, and I also request 
that I be allowed to submit a copy of my written testimony and my 
vitae for the proceeding record. 

Mr. Gore. Without objection, we'll do that. 

Mr. Trabalka. My name is John R. Trabalka. I am manager of 
the Global Carbon Cycle Program in the Environmental Sciences 
Division at Oak Ridge National Laboratory. The ORNL Program is 
a major component in the U.S. Department of Energy's carbon 
cycle research program. 

The DOE Carbon Cycle Research Program is directed toward im- 
proving the quantitative basis for understanding the global carbon 
cycle to more accurately predict future levels of atmospheric 
carbon dioxide. The research goals and needs are described in the 
latest Carbon Cycle Research Program plan published by the U.S. 
Department of Energy. It carries a December 1983 date. 

The principal purpose of the ORNL Program is to provide a^sist- 
t, ance to the Division of Carbon Dioxide Research in development, 
management, and in-house research activities for the DOE Carbon 
Cycle Research Program. Oak Ridge National Laboratory has 
played a role in carbon cycle research for over two decades. The 
laboratory's role in research management for the DOE has a more 
recent origin in fiscal year 1982. 

In carrying out tasks assigned by DOE, the program is responsi- 
ble for moi.itoring carbon cycle research progress, identifying re- 
. search needs, and recommending methods for fulfilling these needs. 
The ORNL Program management staff now executes and adminis- 
ters subcontracts to universities and major research institutions for ; 
research to fulfill many of these needs outlined in the current re- 
search plan. 

In fisal year 1983 the ORNL Program was directed to concen- 
trate on global carbon cycle model development and terrestrial 
biospheric data acquisition. The ORNL Program management staff 
also prepares technical and topical reports. Major activity under- 
way involves the coordination and integration of efforts from DOE 
contractors and the international C0 2 research community for a 
1985 state-of-the-art report on the global carbon cycle. We expect 
the 198") state-of-the-art report to provide another source of infor- 
mation on research needs and for further definition and refine- 
ment of certain key program areas, including a Core Ocean Meas- 
urements Program. 
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The principal technical objective of the DOE Global Carbon Cycle 
Program at ORNL is to develop a quantitative basis for under- 
standing the global biogeochemical cycle of carbon by balancing 
the reservoirs and fluxes in the global cycle and implementing sim- 
ulation models to describe the dynamic behavior of the global 
carbon cycle and its components. Another objective of this research 
is to further the scientific methodology for accurate projection of 
future C0 2 levels in the atmosphere. 

Mathematical models of the carbon cycle are needed to address 
these questions, and are being developed and updated with refine- 
ments^in basic understanding and improved estimates of key pa- 
mjja^ters. A 'mathematical model developed by the DOE Program 
IfTORNL is being used to make CO a projections for the forthcoming 
state-of-the-art report on the global carbon cyc)e. Sensitivity and 
error analyses provide a basis for selecting aspects of models and 
data bases that require refinement, and basic data sets in key 
areas underlying carbon cycle models are being refined and aug- 
mented where indicated. 

As a direct consequence of our programmatic assignment by 
DOE, particular attention in both the intramural and extramural 
research projects during the past fiscal year was devoted to improv- 
ing our understanding of the terrestrial component of the cycle. 
The key unresolved issues in the Carbon Cycle Research Program 
appear to in 1 Ive disparate estimates of C0 2 releases by .the land 
biosphere anu of CO* uptake by the ocean. 

Over the past two millenia, terrestrial ecosystems, particularly 
the forests, have been a source of C0 2 to the atmosphere many 
times larger thaa that from fossil fuels. These CO a releases oc- 
curred principally as a result of forest clearing during agricultural 
expansion an*' timber harvesting. Such changes in land use result 
in losses of carbon formerly stored above ground in wood and below 
ground in soil and roots. During the past two millenia, half of the 
living terrestrial biosphere was eliminated by human influence. 

The principal controversy involves the magnitude and timing of 
the C0 2 loss from the land and the rate of C0 2 uptake by the 
oceans over the past 200 years. This was a period when human pop- 
ulation was increasing exponentially and significant exploitation of 
the land resources of the Western Hemisphere and tropical forests 
throughout the world occurred. Significant population growth in 
the tropics and associated exploitation of these forests are still oc- 
curring and are projected to continue for several decades. 

Around 1980, published estimates of the rate of carbon uptake by 
the oceans were too low to accommodate even moderate estimates 
of CO* releases from vegetation and soils. Uncertainty about the 
history of atmospheric CO* concentrations over the past 200 years 
made reconciling the disparate estimates of terrestrial releases and 
the ocean uptake difficult, 

Progress has defined a technical basis for resolution of the issues 
and for convergence of the terrestrial release and ocean uptake es- 
timates. Now evidence that the atmospheric C0 2 concentration 
may have been as low as, say, 2W) parts per million in the year 
1*00, means that there has had to have been a substantial nonfoa- 
sil source of C0 2 to the atmosphere— for example, from vegetation 
and soil— over the past 200 years. The total amount contributed by 
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the land biosphere could havo beori as much as that contributed by 
fossil fuels, 

^ These findings suggest that the oceans may be assimilating more 
COa from the atmosphere than has heretofore been estimated, Im- 
provements^ in globally averaged carbon cycle models produced by 
the ORNL Program have resulted in new estimates of COa uptake 
by the oceans which are higher than earlier estimates on the order 
of 25 percent. However, these current ocean models are still able to 
accommodate a, significant COa release from terrestrial ecosystems 
only if the bulk of the release occurred in the previous century and 
then declined radically to the present, or if the average level of re- 
lease was much lower than some historical reconstructions indicat- 
ed. 

Both requirements are still in conflict with results from relative- 
jy recent reconstructions of historical C0 2 releases from the land 
biosphere. However, considerable evidence produced over the past 
year from research supported by the ORNL global carbon cycle 
program supports a significant overall lowering of the magnitude 
of the historical terrestrial carbon flux. 

However, one of the chief remaining sources of uncertainty for 
both past and present estimates of terrestrial carbon release is the 
lack of adequate documentation for past patterns of land use. In 
. the next stage of research, emphasis needs to be placed on geo- 
I graphically based analyses of land use change, using high-spat ial- 
' resolution models differentiated by ecosystem types and disturb- 
ance categories. These more sophisticated models of the land bio- 
sphere will also have the capability to respond to projected climate 
changes and eventually to CO* fertilization responses. 

The activities of documenting the>patterns of changes in land 
areas over time and developing the new terrestrial models required 
for data analysis are being closely coordinated. Particularly impor- 
tant are data on forest clearing and other land use changes being 
assembled by forest historians from Duke University. Pilot studies 
devoted to potential applications of remote sensing via satellite im- 
agery to document and confirm present-day land use patterns and 
to monitor future changes are underway at the Ecosystems Center, 
Marine Biological Laboratory at Woods Hole. Once fully developed, 
the use of satellite imagery -could provide a most accurate method 
for determining land use change and estimating the resulting 
carbon fluxes. The attached photographs that I have provided you 
suggest the significant potential for this technology in both defin- 
ing the location and extent of major ecosystems and for defining 
the rates at which man is changing the face of the landscape. 

One promising alternative approach to resolving the controversy 
related to terrestrial COa releases and ocean uptake appeared to 
make use of the carbon isotope record for atmospheric CO a con- 
tained in tree rings. The scientific issues associated with interpre- 
tation of C13 records in tree rings involves the separation of the 
isotopic noise caused by tree physiology, local environmental condi- 
tions* climate effects, and COa fertilization responses. However, the 
latest results reinforce our concerns about the potential variability 
of the tree ring record and confirm that basic research on the phys- 
iological mechanisms which control isotope fractionation in trees 
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will be a necuHnary precursor to further use of tree ring data in 
carbon cycle research. 

Further improvements in ocean models for analysis of the carbon 
cycle/climate issue are also critically needed, This effort will re- 
quire development and testing of more physically realistic repre- 
sentations; multidimensional models of ocean circulation and 
carbon transport. There currently is not an adequate data base 
with which to construct and properly calibrate such models on a 
global scale. 

A Core Oceanic Measurements Program is needed, therefore, to 
support the further development of oceanic carbon cycle/climate 
models. Measurements of C0 2 concentrations in surface water are 
needed in combination with gas exchange data to calculate the flux 
of C0 2 between the atmosphere and the ocean. Repeated measure- 
ments of dissolved C0 2 in surface water at key locations and of 
total inorganic carbon as a function of depth at carefully selected 
stations over the globe should provijde a long-term record of CO a 
uptake by the ocean. These data are urgently needed to develop 
secular trends of carbon buildup in the ocean comparable to those 
observed in the atmosphere. 

Tracer data r.re also used to describe ocean mixing and transport 
of carbon to tne deep oceans. Oceanographic research programs 
have collected important tracer data at a number of key locations. 
However, the sparse ness of temporal coverage and geographic cov- 
erage in the upper layers of the ocean currently limits analyses of 
the oceanic carbon cycle. Successive sampling programs over a 
period of decades appear to be needed to clarify the nature of 
mixing and exchange in order to develop a truly global model of 
ocean circulation and uptake. This requires that we adequately 
analyze and interpret the existing data, and the data successively 
produced by each sei of regional ocean measurements, in planning 
future measurements programs in order to make the most efficient 
use of available resources. 

The resolution of the technical issue involving disparate esti- 
mates of historical terrestrial releases in ocean uptake is needed if 
we are to place confidence in projections of future atmospheric C0 2 
levels with global carbon cycle models and to understand how the 
biogeochemical system operates. Simply put, if we cannot balance 
the carbon cycle for the present, how can we expect to make accu- 
rate predictions of the future? 

However, resolution of this issue will also allow us to define the 
time series, that is, the history of atmospheric C0 2 concentrations 
as far back in time as our terrestrial release reconstructions can be 
made. This will provide another means for checking and placing 
limits on the values of the preindustrial atmospheric C0 2 levels. 
The climatic implications associated with defining the so-called 
preindustrial level of atmospheric C0 2 will be described in later 
testimony. Thus, information provided by the carbon cycle research 
program will be important in helping to check the predicted cli- 
matic responses from climate models against actual observations of 
climate behavior. 

Since it is not possible to cover all research activities and associ- 
ated needs in one set of testimony, I have attempted to highlight 
what are believed to be the most critical issues and ask that you 
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refer to the carbon cycle research program plan and to my testimo- 
ny, my written testimony, as a source of additional information. 

I believe I will close there with my statement. 

[The prepared statement of Dr. Trabalka follows:] 
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!• INTRODUCTION 

A. Personal Qualifications 

My name is John R, Irobalka. I am Manager of the Global Carbon 
c Cycle Program in the Environmental Sciences Division of the Oak Ridge 
...National Laboratory (ORNL). The ORNL program is a major component in 
. the U.S. Department of Energy (DOE) Carbon Cycle Research Program, I 
can assure you that the following scientific judgments and opinions 
reflect those of a substantial portion of my professional peers. I am a 
scientist who has been personally involved in research on the broad 
.topic of blogeochemical cycling *nd effects of pollutants since 1971. 
Most recently, I have been Involved with research on 
sensitivity/uncertainty analyses of global carbon cycle models, and 
projections of future atmospheric carbon dioxide (C0 2 ) levels with 
such models. I also was an organizer, cochairman, and am now chief 
editor of the proceedings, for a recent international symposium 
on the technical Issues associated with the global carbon cycle. I 
served for two years as the Deputy Manager of the ORNL program before 
assuming my present role. I am currently responsible for the research 
management of a multldiscipl inary group of over 30 scientists working in 
this field at Oak Ridge National Laboratory and at other centers of 
excellence at universities and research laboratories. 

B. Carbon Cycle Research Program 

* The DOE Carbon Cycte Research Program is directed toward improving 
the quantitative basis for understanding the global carbon cycle to more 
accurately predict future levels of atmospheric carbon dioxide. There 
are several central issues. Anthropogenic emission* result in a shift 
in the global carbon equilibrium. Accurate future atmospheric C0 ? 
prediction*,, therefore, are needed because increased atmospheric levels 
will persist for some centuries even if fuel use is abrted. Therefore, 
it is necessary to determine long-term trends (and forms thereof) of 
fossil fin- 1 use, atmospheric C0 2 levels, and sizes' of the biospheric 
and oceanic carbon reservoirs. Dynamic global carbon models are 
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necessary to prodict future atmospheric C0 ? concentrations. Host 
important for development of accurate models is a quantitative 
understanding of the complex set of fluxes (exchanges) of carbon among 
the reservoirs (see Figures). Additional exchanges of C0 2 will be 
evaluated to ensure that important fluxes in the global cycle have not 
been overlooked. The time-dependent balance between the fluxes 
determines the rate at which C0 2 builds up in the atmosphere. 
Historical values of atmospheric C0 2 need to be obtained as 
benchmarks, because these values will affect conclusions about the 
oceans' and the biosphere's capacity to withdraw airborne COg. The 
research goals and needs are described in the latest Carbon Cycle 
Research Program Plan published by the U.S. Department of Energy 
(December 1983). 

C. Oak Ridge National Laboratory Global Carbon Cycle Program 

The principal purpose of the Oak Ridge National Laboratory's (ORNL) 
Global Carbon Cycle Program is *o provide assistance to the Division of 
Carbon Dioxide Research in development, management, and research 
activities for the DOE Carbon Cycle Research Program. Oak Ridge 
National Laboratory has played a major role in carbon cycle research for 
over two decades.. The Laboratory's role in research management for the 
.DOE has a more recent origin in fiscal year 1982. In carrying out the 
tasks assigned by DOE, the program is responsible for monitoring carbon 
cycle research progress (ORNL subcontracts to other research 
institutions, in-house projects, and Department of Energy grants), 
identifying research needs to support global carbon cycle model 
development and reconmending methods for fulfilling these needs. The 
latest Carbon Cycle Research Program Plan was developed through a 
lengthy series of peer reviews by the scientific community and 
revisions. It is believed to represent the current consensus of 
knowledgeable experts. 

The ORNL program management staff now executes and administers 
subcontracts to universities and major research institutions for new or 
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continuing research supporting many of the areas outlined In the latest 
Carbon Cycle Research Plan. In fiscal year 1983, the ORNL program was 
directed to concentrate on global carbon model development (Including 
terrestrial and oceanic subcomponents), and terrestrial biospheric data 
acquisition. 

Thr ORNL program management staff also prepares technical and 
topic. tl reports to update research progress, to provide responses In 
specific questions, and to resolve technical issues. A major activity 
under way in this area involves the coordination and integration Of 
contributions "from DOE contractors and the international C0 2 research 
community for a 1985 State-of-the-Art (SOA) Report for DOE on the global 
carbon cycle. - 

In support of the State-of-the-Art Report, ORNL organized and hosted 
the Sixth ORNL Life Sciences Symposium on. the topic: The Global Carbon 
Cycle: Analysis of the Natural Cycle and Implications of Anthropogenic 
Alterations for the Next Century, in Knoxville, Tennessee, on October 31 
- November ?, 1983. The symposium was sponsored jointly by federal 
agencies .md industry: the Department of. f-nenjv; National Science 
foundation; Flectric Power Research Institute; National Oceanic 'and 
Atmospheric Administration; and the Gas Research Institute. The 
symposium was attended by 180 scientists representing 10 countries. The 
symposium was organized to examine the scientific basis for extrapolating 
present knowledge about fluxes, sources, and sinks in the global carbon 
cycle to predict changes in atmospheric CO^ concentrations resulting 
from anthropogenic influences. The published proceedings, containing 
invited contributions by internationally recognized scientists, will 
provide a m*jor resource of current technical information to both 
scientists and decision makers. 

The recent symposium on the global carbon cycle and the SOA Report, 
which will draw on the talents of the international community for 
authors and reviewers, are examples of a developing international 
outreach through the DOE Global Carbon Cycle Program at ORNL. Several 
program scientists arc currently located at key research centers in 
Europe, another will participate in an ocean measurements project 
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supported by the hunch government, and still others have established 
needed contacts and research efforts throughout the tropical regions of 
the developing world. Other international researchers involved in the 
pror.ram (e.g., at the University of Bern, Switzerland) are directly 
supported by the DOE. An international issue such as the C0 2 -climate 
problem requires international participation. 

II. TECHNICAL OBJECTIVES 

• The principal technical objective of the DOE Global Carbon Cycle 
Program dt ORNL is to. develop a quantitative basis for understanding the 
global biogeochemical cycle of carbon, i.e., by "balancing" the 
reservoirs and fluxes in the global carbon cycle, and implementing 
simulation models to describe the dynamic behavior of the global caruon 
cycle and its components. Another objective of this research is to 
further the scientific methodology for assessing the response of the 
global corbon cycle, particularly ■ changes in atmospheric C0 2 
concentration, to further releases of C0 2 by fossil -fuel combustion; 
i.e., so that accurate projections of future C0 ? levels in the 
atmosphere can be made. How much of the observed atmospheric C0 2 
increase is attributable to fossil fuels? How much is due to other 
sources? Would the increase have been greater, less, or essentially the 
same without the response of the terrestrial biosphere? How rapid will 
the atmospheric C0 2 Increase be in the future? Mathematical models of 
the carbon cycle are needed to address these questions, and are being 
developed and updated with refinements in basic understanding and 
improved estimates of key parameters. A mathematical model developed by 
the nor program at ORNL is being used to make C0 2 projections for the 
forthcoming SOA report on the global carbon cycle. Sensitivity and 
error analyses provide a basis for selecting aspects of models and data 
biiM ,r . Lh.U rpqulro refinement. Ba^ic data sets in key areas underlying 
c<u°k»u-cycle models are heing refined and augmented where indicated. 
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111. ONGOING RESEARCH ACTIVITIES AND FUTURE NEEDS 



A. Key Unresolved. Issues 



As a direct consequence of our programmatic assignment by DOE, 
particular attention in both the intramural and extramural research 
projects during the past fiscal year was devoted to Improving our 
understanding of the terrestrial component of the cycle. The key 
unresolved technical issues in the carbon cycle research program involve 
disparate estimates of C0 2 releases by the land biosphere and of C0 2 
uptake by the? oceans. Resolution of these issues w^ll make the greatest' 
contributions to the overall objective of "balancing ti,« carbon cycle." 
The balance between the terrestrial source and the ocear, sink for COg 
is one of the two key determinants for the rate at which fossil fuel 
CO ? builds up in the atmosphere. The other is the rate of fossil fuel 
emissions. If the oceans are currently absorbing a significant amount 
of terrestrial COg, the future rate of the atmospheric COg increase 
could bt? significantly slower than expected. 

Over the pust two mil Tenia, terrestrial ecosystems, particularly the 
forests, have bepn a source of CO ? to the atmosphere many times larger 
than that from fossil fuels. These COg releases occurred principally 
as a result of forest clearing during agricultural expansion and timber 
harvesting. Such changes in land use result in losses of carbon 
formerly stored above-ground in wood and below-ground in soil and roots 
(as they decay). During the past two millenia, half of the living 
terrestrial biosphere was eliminated by human influences. The principal 
controversy involves the magnitude and timing of the COg loss from the 
Land and the rate of CO2 uptake by the oceans over the past 200 
years. This was a period when human population was increasing 
exponentially, and significant exploitation of the land resources of the 
Western Hemisphere, and tropical forests throughout the world, 
occurred. Significant population growth in the tropics and associated 
exploitation of the forests are still occurring, and are projected to 
continue for at least several decades. Circa 1980, published estimates 
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of Uu> rate of cdrlxm uptake by the oceans were too low to accommodate 
even moderate estimates of C0 2 releases from vegetation and SQils over 
the past 200 years. Uncertainty about .the history of the atmospheric 
CO,, concentration over that same period made reconciling the disparate 
estimates of terrestrial releases and ocean uptake difficult, 

B. Recent Technical Progress 

• 

Progress in several key areas in just the past year have defined a 
technical basis for resolution of the issues* and for more substantial 
convergence of the terrestrial release and ocean uptake estimates over 
the n*yl decade. New evidence that the atmospheric C0 ? concentration 
may have been as low as 260 ppmv in the year 1800, described to you 1n 
detail in earlier testimony by the" representative of the DOE, means that 
there has to have been a substantial non-fossil source of C0 2 to the 
atmosphere, e.g., from vegetation and soil, over thfe past 200 years. 
The total amount te'iLMSUu liuiir-t+ie land biosphere could have been, as 
large as the contribution from, fossil fuels. 

These new findings sugyest that the oceans may be assimilating more 
C0^ from the atmosphere than has heretofore been estimated. 
Improvements in globally averaged ocean carbon cycle models produced by 
the 0RNL Global Carbon Cycle Program (Peng and Broecker; research 
jointly supported with the National Science Foundation, in preparation) 
have resulted in new estimates of C0 2 uptake by the oceans which are 
higher than earlier estimates by 25*. However, these current ocean 
models are still able to accommodate a significant C0 2 release from 
^.•rrestrial ecosystems only if the bulk of the release occurred in the 
previous century and then declined to the present, or if the average 
level of release was much lower than seme historical reconstructions 
iiwlk.itfd. Both requirements are still in conflict with results from 
ri'lf'Hviy ri'C^nt reconstructions of historical C0 2 releases from the 
lan.l biosphere. However, considerable evidence produced over the past 
yp.ir from t-f^circh supported by the 0RNL Global Carbon Cycle Program now 
support*. <i significant, overall lowering of the magnitude of tbe 
histur ir. il terrestrial carbon flux produced by human activities. 
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One principal, 'finding from two recent efforts (one at Duke 
University - Schlesingor In press; the other In-house - Mann submitted) 
devoted to analyses of data on soil carbon behavior following 
cultivation is that the amount lost may only be one-half the value in 
models most recently used by researchers on the terrestrial carbon 
cycle. Another finding has been that in many cases carbon rebounds In 
tropical soils under pasture to levels approaching tho.e of the original 
forest (research by the University of Illinois' and the University of 
Puerto Ricn - reported in Auerbach and Reichle in press). Current 
models assume a permanent reduction in soil carbon when tropical forests 
are converted to grazing land. These models were exercised to produce 
the higher estimates of past carbon releases from the land biosphere. 
Since soiU contain nearly three-fourths. of the terrestrial carbon pool, 
a reduced loss of soil carbon, such as that indicated by the new 
results, should result in a significant lowering of estimates of 
terrestrial carbon releases on this basis alone. 

Another mjjor finding was that the mass of the total carbon pool in 
tropical forest vegetation may be 50% less than previous estimates 
(Brown and Lugo in press) used by the scientific community in attempts 
to model tin 1 terrestrial cycle. The significant implication is that 
much less C0 ? would be produced when tropical forests are cleared, 
thus reducing the terrestrial source^ of atmospheric C0 2 from the 
tropics. This should result in a significantly lowered estimate, in 
particular, for the period covering the past 30 to 40 years in which the 
disparate estimates of terrestrial fluxes and ocean uptake are most 
difficult to balance. 

However, one of the chief remaining sources of uncertainty for both 
past and present estimates of terrestrial carbon release is the lack of 
adequate documentation for past patterns of land use. In the next stage 
of research, emphasis needs to be placed on geographically based 
analyses of land-use change (see attached MSfp of Major World Ecosystem 
Complexes) using a hiqh-spatial-resolution model differentiated by 
ecosysteir types and disturbance categories. These more sophisticated 
modols^of the land biosphere will also have the capability to respond to 
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projected climate changos, and, eventually, to C0 2 fertilization 
responses. Under the support of DOE, and with some limited involvement 
from other federal agencies, investigators are assembling more detailed 
data on the history of land use at regional levels required for improved 

'•• terrestrial carbon cycle models now under development. These two 
activities of documenting the patterns of changes 1n land areas over 
time and developing the new terrestrial models required for data 
analysis are being closely coordinated. Particularly important are data 
on forest clearing and other land-use changes being assembled by forest 
historians from Duke University. Pilot studies devoted to potential 
applications of remote sensing via satellite imagery to document and 
confirm present-day land-use patterns and to monitor future changes are* 
underway at the Ecosystems Center, Marine Biological Laboratory, at 
Woods Hole, Massachusetts.. Once fully developed, the use of satellite 
imagery could provide a most accurate method for determining land-use 
change and estimating tfie resulting carbon fluxes (see Figures). It is 
expected that refinement of our estimates of both past and present 
carbon releases from the land biosphere via new modeling and data 
assembly activities will realistically require a decade or more of 
concerted effort to accomplish. 

One promising alternative approach to resolving the controversy 

' related to terrestrial C0 2 releases and ocean C0 2 uptake appeared to 

make use of the carbon isotope record for atmospheric C0 2 history 

contained in tree rings. The scientific issue associated with 
1 3 

interpretation of C records in tree rings involves the separation of 
the isotopic noise caused by tree physiology, local environmental 
conditions, climatic effects, and C0 2 fertilization responses. New 
research results are available from the ORNL university subcontracts for 
trees from Pacific Coast sites (University of Washington) and the 
southwestern United States (University of Arizona). State-of-the-art 
corrr-c ( iimr, wore madis for some of these extrinsic factors which produced 
strikingly different results when compared to those from earlier tree 
ring studies which did not take these phenomena into account. The new 
recmiK indicate a much slower rate of change in the C0 5 content of 
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Figure is a NOAA-/ AVHRR satellite Image of the African qAfcinent 
made In 1982. Provided by C. J» Tucker et al., NASA/Goddarl^pace 
Flight Center, Grsenbelt, Maryland* Compare the ecosystem distributions 
indicated by differences in colors with the ; patterns on the Map of World" 
Ecosystem Complexes* 



Red - Tropic?.! rain forest 

Green , - Seasonal forest and grassland 

Blue - Savanna 

Purple - Wooded steppe 

Yellow - Desert and semidesert 

Turquoise - Irrigated agriculture 

Light Blue - Wate- 
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LAND-COVER CLASSIFICATION OF AFRICA 
PRODUCED FROM SATELLITE IMAQERY 
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Figure is a 30 km x 30 km section of a 1981 Landsat scene from 
Brazil, Dark red areas are undisturbed tropical moist forest. Light 
pink, white, and light blue areas arc, respectively, regrowlng 
vegetation in cleared areas, cleared areas, and bare soil. The parallel 
roads are about 5 km apart. All the visible clearing has occurred since 
1973 and the majority has occurred since 1978. At this. rate complete 
clearing could occur v/lthin another decade. Provided by G. M. Woodwell 
ct al., The Ecosystems Center, Marine Biological Laboratory, Woods Hole, 
Massachusetts. 
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the atmosphere, and, correspondingly, a much lower" rate and total amount 

of historical carbon Input from the terrestrial biosphere, particularly 

over the past 30 to 40 years* Estimates of the prelndustr 1al 

atmospheric COj level from the uncorrected and corrected tree ring 

data now bracket the preindus trial COg level estimated from other 

sources. However, the new results also reinforce concerns about the 

13 

potential variability of the tree ring **C record and confirm that 
basic research on the physiological mechanisms -which control Isotope 
fractionation In trees 1n order to reduce the residual .variations will, 
be a necessary precursor to further use of tree ring data 1n carbon 
cycle research. Because tree ring records contain potentially important 
Information on past climates and on CO^ fertilization of the biosphere 
in addition to carbon cycle processes, a high priority will be placed on 
restructuring tree ring research to focus on critical physiological 
questions Identified by the ongoing research program* 

Further Improvements in ocean models for analysis of the carbon t 
cycle/climate Issue are critically needed. This effort will require 
development and testing of more physically realistic representations; 
multidimensional, i.e., resolved by latitude and depth or by latitude, r# ; 
longitude, and depth, models of oceanic circulation and carbon 
transport. There currently Is not an adequate data base with which to 
construct and properly calibrate such models on a global scale. Results 
from attempts to apply such models to the North Atlantic Ocean, a region 
1n which the most detailed oceanic data are available, have thus . far 
been equivocal. On the one hand, simulation of the time-dependent ocean 
depth penetration of the radioisotope tracer tritium produced from 
weapons tests with a three-dimensional model produced quite different 
results from thoso of simpler models (Sarmiento 1983), and seems to 
offer the promise that significant changes 1n estimates of ocean uptake 
may yet be possible. However, comparisons among two-dimensional carbon 
cycle models for the North Atlantic Ocean thermocllne, calibrated by 
multiple tracers ( 3 H, 3 He, bomb 14 C, 85 Kr, and Freons), did not 
produce the hoped-for increases 1n CO2 uptake - model to model dif- 
ferences in uptake were quite small (Feng and Broecker in preparation). 
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A final conclusion 1s not possible at this time and will, not be obtained 
until a global ocean model 1s developed and properly calibrated* These 
preliminary results are a signal that a more physically realistic model 
of ocean circulation may not necessarily represent a larger oceanic sink 
for COp uptake, and that a balanced approach to overall research on 
the carbon cycle 1s necessary. Only painstaking research and careful 
monitoring of the movements and distribution patterns of oceanic tracers 
and of changes in oceanic carbonate chemistry over several decades 
appear to provide the important information needed for ocean modeling. 
However, research on other Important components of the program should 
not be sacrificed to support research on the oceanic component. 

A core oceanic measurements program 1s needed, therefore, to support 
the further development of oceanic carbon cycle/cl imate models. 
Measurements of the dissolved free-COg (pCOg) concentrations 1n 
surface seawater are needed 1n combination with gas exchange data to 
calculate the flux of C0 2 between the atmosphere and the ocean. These 
measurements must be Integrated from data collected from a large number 
of carefully selected stations over the global ocean and on a seasonal 
basis in order to provide an accurate picture of global COg uptake by 
the ocean. Repeated measurements of pC0 2 at key surface locations and 
of total inorganic carbon (EC) as a function of depth at carefully 
selected stations over the globe should provide a long-term record of 
C0 2 uptake by the ocean. These data are urgently needed to develop 
secular trends of carbon buildup in the ocean comparable to those 
observed in the atmosphere. This information will be used to verify and 
refine the models of the global carbon cycle which, in turn, will be 
used to project future levels of atmospheric C0 2 . The IC measurements 
in the deep waters of the ocean also provide a method for estimating 
preindustrial atmospheric C0 2 concentrations. Differences between 
dissolved inorganic carbon concentrations and alkalinity over time 
snoultf provide information on changes in dissolution or precipitation of 
sedimentary calcium carbonate. If significant calcium carbonate 
dissolution occurs (with a resulting increase in alkal inity of 
seawater), the ocean l s capacity for CCL uptake would be enhanced, and 
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the buildup of atmospheric COg might proceed at a slower rate than we 
might now project. 

Tracer data [total carbon, certain radioisotopes ( C, H, 
*He, *^Kr, ^ 9 Ar), and Freons] are also used to desc 1be ocean 
mixing and transport of carbon to the deep ocean. Oceanographic 
research programs, such as GEOSECS and TTO, have collected Important 
tracer data at ,a number of key stations. However, the sparseness of 
temporal and geographic coverage 1n the upper layers of the ocean and 
the imprecision of .some data sets currently limit definitive analyses of 
the oceanic carbon cycle. Additional analyses and successive sampling 
programs over a period of decades appear to be needed to clarify the 
nature of mixing and exchange tn each region in order to develop a truly 
global model of ocean circulation and carbon uptake. This requires that 
we adequately analyze and interpret the existing data, and the data 
successively produced by each set of regional ocean measurements, in 
planning future measurements programs 1ji order to make the most 
efficient use of available resources. 

The results of this data collection, assembly, and analysis effort 
are the primary basis for development of the multidimensional ocean 
models described earlier. Thus, oceanic carbon and other chemical 
tracer measurements are made in order to characterize oceanic processes 
which control CO^ uptake, to provide numerical data used in 
developing, refining, and testing mathematical models of the global 
carbon cycle, and to monitor long-term changes in the global carbon 
system produced by increasing atmospheric COg. Measurable changes in 
oceanic carbon chemistry are particularly important as a continuing 
check on the accuracy of parameters and concepts used in our models. 
Much is yet unknown about the role of the oceans in the carbon-climate 
system, and, in Peter Brewer's words, "We should not be too complacent. 
Nature has vast resources with which to fool us; u.te last glaciation was 
apparently accompanied by massive COg transfers to and from the ocean, 
the causes, consequences, and explanations of which are poorly 
understood today" (Brewer 1983). 
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In summary, significant progress 1s being made toward . resolution of. 
the major scientific issues associated with the global carbon cycle. 
However, both the complexity of the issues and the nature of- the 
research needed ' for resolution currently Indicate that a long-term 
effort over several decades 1s needed. 



The resolution of the technical issue Involving disparate estimates 
of historical terrestrial releases and ocean uptake 1s obviously needed 
if we are to place reasonable confidence In projections of future 
atmospheric C0 2 levels with global carbon cycle models and to 
understand how the blogeochemical system operates. Simply put, 1f we 
can not balance the carbon cycle for the present, how can we expect to 
make accurate predictions of the future? 

However, resolution of this Issue will also allow us to define the 
time-series, i.e., the history, of atmospheric C0 2 concentrations as 
far back as our terrestrial release reconstructions can be made. This 
will provide another means for checking and placing limits on the values 
of the prelndustrial atnospheric C0 2 levels. The climatic 
Implications associated with defining this so-called prelndustrial level 
of atmospheric CO^ have been described in testimony presented earlier 
by the representative of the DOE. Thus, Information provided by the 
carbon cycle research program will be important 1n helping to check the 
predicted climatic responses from climate models against actual 
observations of climate behavior in the next several decades. 



Since it is not possible to cover all research activities and 
associated needs in one set of congressional testimony, I have attempted 
to highlight what are believed to be the most critical issues and ask 
that you refer to the DOE Carbon Cycle Research Program Plan i December 



C. Resolution of Biosphere/Ocean Conf let-Impact on 
and Climate Modeling 



D. Other Carbon Cycle Research Needs 
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1983) as a detailed source of additional Information on this subject. 
Further refinement of this plan 1s not expected until after the SOA 
Report on the global carbon cycle has been completed. Some additional 
key research efforts which have been Identified are: 

Evaluation of C0 2 exchange between atmospheric and oceanic and 
biospheric sources and sinks from Interpretation of atmospheric 
C0 2 ♦ carbon 1 sotope ratios , and three-dimensional atmospheric 
tracer modeling. 

Expansion of 1ce core research effort following acquisition of 
new Mgh-resalut1on cores. 

Developmerc and Implementation of COg-gas standard reference 
materials. 

Data bases on fossil fuel releases and refinement of 
energy/economic models for future fossil fuel use projections. 



Develop data base for atmosphere/ocean exchange of COg for 
regions/seasons not amenable to conventional sampling techniques. 

Estimate anthropogenic changes 1n fluxes of nutrients/carbon to 
oceans and in carbon sink in continental shelf sediments. 

Use analyses of 14 C tracer profiles in soils to estimate 
potential carbon losses from disturbance. 



Estimate changes in carbon fluxes from terrestrial ecosystems 
produced by climate change. 

Develop and rofine , global carbon cycle models, produce library 
of existing models and projections of future atmospheric COg 
leveis. 



4§ 
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E. Cli.natk Impact 'of Atmospheric Constituents Other Than CO2 

A number of trace gases that have significant anthropogenic sources 
also have strong infrared absorption bands and can theoretically 
contribute to the atmospheric greenhouse effect associated with 
increasing COg. Several of these chemical species have exhibited 
significant increases in atmospheric concentrations during the period of 
the Mauna Loa C0<, record (and, by inference, during the Industrial 
era). In this group are the long-lived atmospheric constituents: 
nitrous oxide (N 2 0), methane (CH 4 ), and the chlorof luorocarbons 
(Freons, a diverse group of substituted methanes and ethanes used as 
refrigerants and as aerosol propel lants). 

The interplay of fossil fuel, blomass burning, and a combination of 
other natural and anthropogenic sources controlling the atmospheric 
concentrations of N^O and CH^ (and their reaction products) is only 
poorly understoqd. Projections of future behavior of these species are 
thus even more difficult than for CO2 and are further complicated by 
the occurrence of photochemical reactions with each other and with other 
natural chemical constituents. Some of the reactive by-products, 
notably of the Freons and N 2 0, act as catalysts in the destruction of 
the radiatively important ozone (0 3 ), while photochemical reactions of 
CH^ (and C0 2 ) are believed to increase 0^ levels (Andreae et al. 
198?; Hoi in et al. In press; Fraser et al. 1983; Kerr 1983; Khali! and 
Rasmussen 1983; Rasmussen and Khalll 1983; Weiss 1981). 

Although projections of radiatively important trace gases (or 
ozone-cnntrolling reaction products) are not included in the present 
scope of the Carbon Cycle Research Program because the existing budget 
is dedicated to resolving the aforementioned carbon cycle questions, 1t 
should ho recognized th* L the presence of the trace gases could 
stcjnif ir.mtly augment the predicted climatic response due to CO^. 
Thi*. mirjM. bo of particular significance if trace gas concentrations 
continue to increase at rates observed over the past several decades and 



50, 



47 



if fossil fuel C0 2 releases continue at the reduced rates observed 
over the past several years (Kerr 1933; Marl and and Rotty 1983). 



Patterns of land use and associated temporal changes being defined 
by thp Global Carbon Cycle Program have a direct, bearing on the source 
of several of the trace atmospheric constituents (e.g.* CH^ and 
N^O). Likewise, the biogeochemical cycle of nitrogen affects the 
biogeochemical cycle of carbon both in terrestrial and oceanic systems 
because of nitrogen 1 ' well-known nutrient status. > Other chemical 
elements (e.g., phosphor: u;;d sulfur) also can have a significant 
impact on the carbon cycle. Thus/' to some extent, reductions in the 
uncertainties associated with our understanding of the global carbon 
balance require that we understand the relationships or linkages between 
the carbon cycle and other critical element cycles on a global scale. 
It is timely that we begin to address these issues in order to develop 
the more robust multi-element global biogeochemical models which will be 
needed to fulfill the entire need for climate response projections. 
This is preferable to an approach which treats the sources of the 
individual atmospheric constituents in total isolation from one 
another. Knowledge about the global chemistry of nitrogen and sulfur 
will also be valuable for other research activities, e.g., the acidic 
precipitation question. 



A research plan provides focus for a structured research program by 
clearly identifying the applied objectives, defining pragmatic issues in 
rigorous scientific terms, and outlining the research strategy required 
to resolve the issues. Such a plan becomes a valuable tool for com- 
munication, especially when the issue(s) is complex, uncertain, and 
controversial. A research plan also ensures the most effective use of 
scientific knowledge and resources. 



F. Linkages Between Biogeochemical Cycles 



6. Value of Research Plans and Role of Innovation 
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Yet documentation of research needs and research plans should not be 
misconstrued as an inflexible agenda. Scientific creativity and innova- 
tion will continue to be essential ingredients to this effort. Currently 
unperceived approaches may result in significant breakthroughs in our 
technical understanding of the problems and issues. The present DOE 
research plan is already a product of earlier plans that have evolved as 
our knowledge base has increased; it is a dynamic document that has 
been, ,tml will continue to be p reshaped to reflect the consensus of the 
scientific community* We expect the 1985 SOA Report on the global carbon 
cycle to provide another source of information for identification of 
research needs, and for further definition and refinement of certain key 
program areas, e.g.» a core oceanic measurements effort* 
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IV. RESEARCH PROJECTS IN THE ORNL GLOBAL CARBON CYCLE PROGRAM 

The deployment of DQE's Global Carbon Cycle Program has led to a 
significant expansion in the number of extramural participants at 

* universities and other research laboratories. Since our program is 

still tn a transitional state, a further expansion 1s expected. A 
listing of relevant Institutional affiliations, research topics, and 

« principal Investigators 1 names for fiscal year 1984 1s provided in 

Table 1. The projects and Investigators associated with Intramural 
research at ORNL In fiscal year 1984 are listed in Table 2. 

Extramural Research 



Many of the subcontracts listed In Table 1 are relatively new, and, 
thus, research results are not yet available. Results from some 
projects are described along with accomplishments from ORNL 1n-house 
research. The following are descriptions of. projects, recent 
accomplishments, and pertinent references from the remaining 
subcontracts. 

Study of CO* Source/Sink Distributions with a 3-D Model (I. Y.-S. Fung 
and D. Rind}. 3 

Information on the sources and sinks of atmospheric C0 2 is 
contained in the geographical, seasonal, and interannual variations of 
the global atmospheric C0 2 distribution. The measured concentrations 
of C0 2 at several locations Illustrate large variations in the 
amplitude and phase of the seasonal cycle superimposed on an increasing 
secular trend. Recent analysis of the C0 2 records reveals that the 
amplitude of seasonal cycle has detectable .Interannual variations and 
may be increasing in time. This study 's a modeling effort to study the 
4 prospects of extracting some of the potential Information on C0 o 

sources and sinks from the observed C0 2 variations. The approach is 
to use a three-dimensional (J-D) global transport model, based on winds 
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Table 1. Extramural Subcontractors In the DOE 
Global Carbon Cycle Program at Oak Ridge National Laboratory 



Institution 
Columbia University 
Columbia University 

Cornell University 

Duke University 

Duke University 
Duke University 



Marine Biological 
in Laboratory 



Marine Biological 



NASA Goddard Space 
Flight Center 



Investigator 
W, S. Broecker 1 
I. Y.-S. Fung 

C. A. S. Hall 

0. F. Richards 

W. H. Schlestnger 
W. H. Schlesinger 

R. A. Houghton 

G. M. Woodwell 

0. Rind 



Oregon State University C.- T . A. Chen 



Project Title 

Ocean Tracer Modeling 

Study of CO2 Source/Sink 
Distributions with a 3-0 
Model* 

Merging the Tropical 
Biosphere Model and Carbon 
Inventory Estimates with 
Land-Use Change Estimates 

Land Use and Vegetati on 
Changes in South and' 
South- t*t Asia, 1700-1980 AD 

Arid Zone Soil Carbonates 
in the Global Carbon Cycle 

Changes in the Mux Rates 

of the Soil Carbon to the 

Atmosphere Due to 
Disturbance 

Mathematical Models for Use 

Defining the Role of the 

Terrestrial Biota in the 
Global CO2 Cycle 

Test of the Use of Satellite 
Imagery to Detect Changes in 
rhe Area of Forests in the 
Tropics 

St idy of CO2 Source/Sink 
Distributions with a 3-D 
Mocel* 

On the Increase of Total 
C0 2 in the World Oceans 
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Table 1. (Continued) 



Institution 



Scrlpps Institution 
of Oceanography 



Investigator 
R. B, Bacastow** 



University of Arizona A. Long 



Unive sity of Illinois S. Brown 



University of Oklahoma R, J, Mulholland 



University of 
Puerto R1co 



University of 
Washington 



A, E« Lugo 



M. Stuiver*** 



Project Title 

Development of a Three- 
Dimensional Model of the 
Natural Carbon Cycle In the 
• Ocean and Its Perturbation 
by Anthropogenic CO2 

Accurate Determination of 
13 C/12c 1n C0 2 of Past 
Atmospheres from T3 C/ 12 C 
in Tree Rings by Removal of 
Climatic Interferences 

The Role of Tropical 
Forests in the Global 
Carbon Cycle* 

Using the Airborne Fraction 
as an Index for Comparing 
Model Response with 
Atmospheric CO? Data 

The Role of Tropical 
Forests in the Global 
Carbon Cycle* 

Geochemical Determination of 
B1ospher1c COg Fluxes to 
the Atmosphere 



*Joint Project. 

of GermJnyT ently the Mdx " PV(inck Institute, Hamburg, Federal Republic 
RepubHc^^e^ ° f »*^*> Heidelberg, Federal 
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Table 2. ORNL Intramural Research Projects In the 
■DOE Global Carbon Cycle Program 



Project/Activities 



Global Carbon Cycle and Climate 

Carbon Cycle Model Development 
Terrestrial Ecosystems 
Oceans 

Sens1t1v1ty/Uncerta1nty Analysis 
CO? Projections 
Terresbial Ecosystem Data Analysis 
Mapping Global Carbon 
Ecosystem Characterization 
Changes in Land Use 
Climate Feedbacks 

Soil Carbon in the Global Carbon Cycle 

Simulation Modeling 

Natural Vegetation Fluxes 
Response to Disturbance 
Nitrogen Linkage 

Analysis of Shifts in Soil Carbon 
Varied Historical Data Sources 
Develop New Data in Tropics 
Turnover R.*tes- 14 C Tracer 



Investigators 



W. R. Emanuel 

C. F. Baes, Jr. 

D. L. DeAngells 
R. H. Gardner 

G. G. Killough, Jr. 

A. W. King 

J. S. Olson 

T.-H. Peng 

A. M, Solomon 



W. M. Post 

L. K. Mann 

J. J. Pastor 

H. H. Shugart 
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from a 3-0 general circulation model (GCM) f to advect CO? 

rrH "l er fhL t1ve ^ f ,,e, i* a lu a tra 5 e , r * w1th specified sources and sinks of 
to? at the surface. If the model can reproduce the general character 
of observed C0 2 variations on the basis of physically justified 

!2nc^? ?? d s1 * nks :u it: ^ t 1 hen ^ be used for experiments to determine the 
^J 1 ™** of the 9lobal CO? distribution to various assumptions 
! h f 2 tfl f°T CeS ¥11 !l nks ;, rt is antici Pated that this approach may 
lead to useful quantitative limits on some C0 2 sources and sinks. 

Recent Accomplishments 

Large longitudinal variations exist in the atmospheric C0 2 
distribution, A 3-D modeling approach 1s necessary to study the 
global carbon cycle. Large simulated amplitudes in atmospheric 
C0 2 at certain continental locations cannot be confirmed 
presently by atmospheric C0 2 observations due to lack of 
measurements. 

Results demonstrate that more realistic, e.g., detailed, models 
of the terrestrial system, incorporating seasonal behavior, are 
needed for analyses of the global carbon cycle. 

Model simulation which Indicates that most of the recent fossil 
fuel uptake by the oceans has occurred in the Northern 
Hemisphere. 



Recent references 



Fung, I. Analysis of the seasonal and geographical patterns of 
atmospheric C0 2 distributions with a 3-D tracer model. IN 
Proceedings of the Sixth ORNL Life Sciences Symposium on the Global 
Carbon Cycle (J. R. Trabalka and D. E. Reichle (eds.). In press. 

Fung, i. % k. Prentice, E. Matthews, J. Lerner, and G. Russell. 1983. 
Three-dimensional tracer model study of atmospheric C0 2 : Response 
to seasonal exchanges with the terrestrial biosphere. 0. Geoph. 
Res. 88;- 1281-1294. 
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Role or Tropical Forests in the Global Carbon Cycle (S. Brown and 
A* E. Lugo) 

All principal carbon sources and sinks in the global carbon cycle 
must be Identified, quantified, and documented in order to permit the 
development of accurate models for projecting future atmospheric C0 2 
concentrations. Because C0 2 fluxes associated with tropical forest 
disturbance and recovery are poorly known, evaluation of available 
information and new data generated by this project will add greatly to 
the present data base used to predict carbon fluxes from the terrestrial 
biota. One aspect of the research involves analyses of field data on 
tropical soils in contrasting environments in Central and South America. 

Recent acc om p 1 ishments 

Oat.u from Puerto Rico indicate that continuous agriculture 
depletes soil carbon by a greater fraction of the original 
amount in humid climates that in arid ones. 

The rate of soil carbon accumulation through forest succession 
after abandonment occurs at approximately the same relatively 
fast ratd in both humid and arid environments. 

Carbon accumulates in soils under lands in pasture for many 
years to level approaching that of the original forest. 

The total carbon pool in tropical forest vegetation is 100 x 
10 9 t gi vinci a weighted carbon density of 52 t/ha, or about 
one-half th.it previously reported - results in less C0 2 
production when tropical forests are cleared; also raises 
questions about the size of the global terrestrial carbon pool. 
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Recent References 
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Brown, S. and A. E. Lugo. 1982. The storage and production of organic 
matter in tropical forests and their role in the global carbon 
cycle. Blotropica' 14: 161-187. 



Brown, S. and A. E. Lugo. Blomass of tropical forests: A new estimate 
based on forest volumes. Science (in press). 

Glubczynski. A., S. Brown, and A. E. Lugo. 1983. The effects of land 
use on soil organic carbon , in subtropical forest life zones In 
Puerto Rico. Report No. OOE/EV/06047-3. Center for Energy and 
Environment Research, University of Puerto Rico, San Juan. 



ERIC 



58 



Merging a Tropical ftiospKoro Model and Carbon Inventory Data with 
Estimates of Land-Use Change (Charles A. S. Hall) 

One of the chief remaining sources Of uncertainty "for both past and 
present estimates of carbon release to the atmosphere is past patterns 
of land use. This research consists of developing a comprehensive, 
flexible, and transportable computer model designed to quantify the 
carbon exchange that occurs as land is subjected to different uses over 
time. The work has been focused on the tropics but the model is readily 
adaptable to other environments. Various existing date on carbon 
content of vegetation and soils, and on land-use change,, were 
synthesized into formats compatible with the model. 

Recent accomplishments 

Model results from data from 51 tropical countries indicate 
that it is unlikely for carbon release to exceed about 2 x 
10 15 gC per year. Actual estimate was 0.6 x 10 1b g carbon 
per year - consistent with earlier analyses by Hall that 
suggest that land-use change in the tropics results in a modest 
release of carbon to the atmosphere. 

Evidence Indicates that land use does not greatly affect soil 
carbon below 40 cm - assuming carbon readily exchanges with the 
atmosphere at deeper depths may overestimate the release of 
carbon due to disturbance of terrestrial ecosystems. 

Recent ref erences 

Dotwiler, K. P., C. A. 5. Hall, and P. Bogdonoff. 1982. Simulating the 
impact of tropical land use change'- on the exchange of carbon 
between vegetation and the atmosphere. In S. Brown (ed.) Global 
Dynamics of Biospheric Carbon, pp. 141-159. U. S. Department of 
Lnerqy C0 9 Research Series 19. Washington 0. C. 
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Dealer. R. P., C. A. S. Hal), and P. Bogdonoff. Land Use Change and 
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Sensitivity Analysis of the Model. Environ. Mgment. (in press). 
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The Transfer of Biospheric Carbon to the Atmosphere Indicated by Pacific 
Coast Tree Ring Records Corrected for Growth Rote Effects (M. Stuiver). 



The magnitude of the net biospheric C0 2 flux to the atmosphere m 

durinq the current millenlum can theoretically be derived from the 

13 12 

historical record of carbon isotope ratios ( C/ C). This study 

uses tree ring isotope records to detect changes in atmospheric CO2 * 

isotope ratios because wood cellulose, observed as annual tree rings, 

incorporates carbon from the atmosphere, and hence reflects the isotope 

ratio of atmospheric C0 g for that— year of growth. Part of the 

variability in 13 C fractionation is being corrected by normalizing on 

constant growth rates using changes in ring areas and ring widths. 

Recei,^ accompl ishments 

An estimated amount of 90 x 10 15 g of biospheric carbon was 
released between 1800 and 1975. 

Atmospheric C0 ? level for the year 1600 was equal to 268 ppm, 
and averaged 276 ppm from A.D. 235-1850; these values, based on 
data from Pacific coastal sites, differ from those generated 
from European data - additional studies are needed to identify 
and eliminate the sources of variability. 

Recen t references 

Stuivpr, M. 1982. The history of the atmosphere as recorded by carbon 
isotopes. In Atmospheric Chemistry. E. D. Goidberg (ed.). 
fieri in: Springer-Verlag 159-170. 

Stuivor, M. , R. L. Burk, and P. 0. Quay. 13 C/ 12 C ratios and the 
transfer of biospheric carbon to the atmosphere. J. of Geophys. 
fh'S. (submitted). # 
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New Evidence from Carbon Isotopes 1n Tree Rings from the Southwestern 
United States: Removal of Climatic Interferences (S. u. Leavltt and 
A. Long) 

Contributing to some of this divergence in tree ring reconstructions 

of atmospheric C0 2 levels are site selection, the wood component 

chosen for analysis, environmental influences on fractionation, and 

natural intra- Individual and 1ntra-site Isotopic variability. A 

previous study was aimed particularly at eliminating both climate 

effects on Isotopic fractionation and the radial isotopic variations 

within individuals, as contained in a 50-year juniper tree-ring record 

from Arizona, U. S. A, Present research examines a much longer set of 
13 12 

C/ C measurements from pinyon pine trees growing at sites in the 
southwestern United States. 



Recent accomplishments 

Gross factors affecting the whole site (e.g., temperature, 
rainfall) generally seem to influence Individual isotope ratios 
more than do other specific Influences (e.g., competition, 
heredity). 

The corrected pinyon pine record suggests a relatively small 
change 1n atmospheric COg from biospheric contributions over 
the past 180 years. It also suggests a previously neutral 
biosphere which has become a net carbon sink over the last 50 
years. 



Results are quite distinct from those of European trees; errors 
may be further reduced if the natural variability of isotope 
ratios in and among trees 1s known and considered in the 
sampling process. 



Recent references 

Leavltt, S, W, and A. Long. 1983. An atmospheric 13 C/ 12 C 
reconstruction generated through removal of climate effects from 
tree-ring 13 C/ 12 C measurements. Tellus 35B: 92-102. 
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Arid Zone 4 Soil Carbonates In the Global Carbon Cycle (w. H. Schlesinger) 

The sells of arid and semiarid ecosystems store carbon in inorganic 
form, primarily as calcium carbonate. This secondary carbonate occurs 
<n a variety of forms, ranging from precipitates 1n the Interstitial 
spaces of the parent material (caliche or calcic horizons) to almost 
pure, laminated layers of carbonate (calcrete or petrocalic horizons)* 
Although some of these deposits are very old, carbonate precipitation 1s 
also a present day pedogenic process. Therefore, it Is Important to 
understand the role of natural formation of arid zone soil carbonates 1n 
the global carbon cycle. 

Recent accomplishments 



The rate of carbon storage 1n caliche formation ranges from 0.? 
o 

to 0.4 gC/irr /yr. 

Carbonate precipitates in arid soils as a result of evaporation 
of water from the soil profile, and not as a result of art 
Interaction of root respiration by desert plants with the soil 
carbonte equilibrium. 

Carbonate precipitation in arid soils is as high as 
1.4 gC/m yr in some soils of southern New Me;1co. 

Results indicate that an earlier, preliminary estimate of a 
worldwide flux of 2.3 x 10 gC/yr for the storage of carbon 
in desert caliches 1s not likely to change radically - the 
existing source term for carbon flux in desert soils 1s 
generally acceptable unless anthropogenic activities (e.g., 
cultivation, irrigation) affect this natural precipitation 
process. 
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Recent references 

Schleslnger, W. h. 1982. Carbon storage 1n the caliche of arid soils: 
case study from Arizona. Soil Science 133:247-255. 

Schleslnger, W. H. In preparation. The formation of caliche 1n soils 
of the Hojave Desert, California. To be submitted to GeocMm. 
Cosmochlm. Acta. 



67 

eric 



64 



I ntramural Research 

The Global Carbon Cycle and Climate (W. R. Emanuel et al.) 

The global carbon Cycle 1s being studied to evaluate the mechanisms 
that control changes' In atmospheric C0 2 concentration. The oceans are 
the primary sink for excess carbon from the atmosphere. Historically, 
terrestrial ecosystems have been a source of C0 2 1n addition to fossil 
fuels. By quantifying interactions between the atmosphere and these 
other reservoirs, this research provides a basis for projecting future 
C0 2 concentrations as fossil fuel use and other perturbations to the 
carbon cycle continue. Mathematical models of the carbon cycle, 
assembled from representations for each component and tested against 
available Independent data, are primary tools 1n this effort. In the 
•next stages of research, emphasis 1s on Improving reconstructions of 
changes 1n curbon storage 1n vegetation and soils by Incorporating 
geographical detail 1n the analysis of land-use change. Ocean models* 
are being refined by giving explicit treatment to each major region of 
the oceans and by resolving both latitude and depth. These refinements 
may improve the consistency . of estimates of carbon releases, rate of 
uptake by the oceans, and the observed Increase 1n atmospheric COg, 
making future CO2 projections more reliable. 



o 




Recent Acconipl ishments 
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A data base of carbon density and areal extents for the world's 
major .ecosystems has been developed* The data base and 
accompanying computer map (1n color) describe contemporary 
carbon conditions of the living % terrestrial biosphere. A 
summation; [0-5° x 0.5° (latitude, longitude) resolution grid] 
produces a global estimate of 560 x 10 15 grams (560 gigatons) 
of carbon in contemporary live vegetation. 

A computerized map of the natural distribution of major 
terrestrial ecosystem complexes has been completed. Estimates 
of 'carbon dprr'ty^in vegetation and soils have been combined 
with this map ..o estimate pre-civilization terrestrial carbon 

storage. Carbon stbrage in 1 ive Vegetation under natural 

> 15 
conditions was approximately 1000 x 10 g compared to 

15 

560 x 10 under contemporary land use. 

~ V 

.> I 

Work to develop compartment models for each . major biome or 
ecosystem complex continues. These models simulate the Impact 
of disturbance on carbon storage in vegetation and soil as well 
as carhon cycling and - exchange under natural condition^. 
Terrestrial seasonal simulations for two types of temperate and 
two types of tropical forests have been Implemented as computer 
models, and more are planned in the near future. A literature • 
review of background data for developing a set of terrestrial 
model'; has been completed. 

Ocean Model Development 

Five two-dimensional models that simulate ventilation of the 
temperate North Atlantic have been developed. The basic 
structures of these models are similar in that the ' upper 
thermocline is divided into three isopycnal horizons each with 
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its own outcrop at high latitudes. The circulation patterns and 
ventilation pathways for each model correspond to alternative 
extreme assumptions on ventilation for this region. The 
thermocline models were calibrated against ■ the observed 
distribution of tritium assembled by the GE^SECS survey and used 
to simulate the distributions of a number of tracers including 
^iiu, rad iokrypton, find Freons. 

Comparisons of responses and tests against data suggest t t the 
information carried by the distributions of multiple trace s may 
not be sufficient to distinguish among thermocline models. 
Differences in estimates of the uptake of C0 2 by these models 
are small, and simulated uptake Qf excess C0 2 by tri- 
dimensional isopycndl models with polar outcrops 1s not 
siynif ic'fintly different ftom that simulated by a one-d1mensiqnal 
vertical mixing model without polar outcrops. 

A two-dimensional box model of the oceans that emphasizes carbon 
chemistry and the role of marine organisms has also been 
developed. The most extensively studied version of the model 
uses 91 boxes arranged to form ten isothermal horizons -ranging 
in temperature from 1.5°C to 24°C. Initial work has concen- 
trated on testing the sensitivity of steady states to 
assumptions o>i parameter values and boundary conditions, 

A modified globally averaged box-diffusion model thW. includes 
biological activity, nutrient cycling, upwelling, new deep-water 
formation, and separate vertical mixing rates for the upper 
thertnocl inc« and the deep sea has been developed. The total 
uptal^e of C0 ? simulated by a set of box-diffusion models 
calibrotod for different regions of the ocean is essentially the 
same as that predicted by the original global box-diffusion 
model of Oeschger et al. (1975). However, the modified 
box-diffusion model predicts an uptake about ?5% higher. 
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In co 11 liberation with W. S. Broecker of Lamont-Doherty 
Geological Observatory, the Redfield ratios of major nutrients 
in the oceans have been reevaluated on the basis of chemical 
data collected by the GEOSECS and TTO programs. Commonly used 
values of the Redfield ratios (1:16:106:138 - P:N:C:0) are 
revised to 1:17:133:177. 

Projecting Atmospheric COg Concentration 



A globally averaged carbon cycle model was formulated for 
projecting atmospheric COg concentration for alternative 
scenarios of future fossil fuel use. The computer 
implementation of this model .is described in Emanuel et al. (in 
press). Projections for scenarios developed for the DOE by 
staff of the Institute for Energy Analysis are described in a 
contribution to a forthcoming DOE report on energy scenarios and 
CO? projections. 

To clarify the dependence of C0 2 projections on model 
assumptions and parameter values, sensitivity and error analyses 
were carried out. As expected for this model formulation, the 
greatest sensitivity is to assumptions on surface water chemistry 
and parameter values controlling transfers to deep-water layers; 
however, in simulations that include substantial historical 
releases of carbon from terrestrial ecosystems, factors that 
control the magnitude of the net terrestrial release are 
critical . 
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Soil Carbon 1n the Global Carbon Cycle (W. M. Post, J, Pastor, 
L K* Mann, and H, H. Shugart) 

The ultimate objectives of this project are two-fold: (1) identify 
factors Important 1n Influencing the variation in carbon density 1n the 
Important soil carbon pools, and (2) determine the change 1n flux rates 
between the soil carbon pool and the atmosphere when natural ecosystems 
are converted to managed use* The first objective requires coupling a 
forest floor carbon model to a forest vegetation production model. This 
coupling will allow analysis of the relationships between forest type, 
management practices, and composition on soil - carbon density and 
turnover time 1n both temperate and tropical forests. The second 
objective Involves compilation and review of literature Information and 
primary data needed for model development regarding changes 1n soil 
carbon storage due to management. This research consists of two 
approach (a) analysis of soil carbon content from experiments where 
paired piots, one natural and one manipulated, were remeasured at 
intervals over long periods of time; and (b) statistical analysis of a 
large number of soil profiles which are not paired, but prior to 
disturbances were similar. The feasibility of using 14 C tracer 
methodology 1n directly measuring soil carbon changes 1s also being 
assessed* 

Recent Accomplishments 

An analysis of the scientific literature concluded that the loss 
of carbon from soil profiles upon cultivation 1s about 30% over 
a 20- 50-year Interval, This value is lower than parameters 
used in most recent models of anthropogenic changes 1n the 
global carbon cycle. Different ecosystems showed different soil 
carbon losses upon conversion* Temperate forests showed a mean 
loss of 34% of the original carbon content. Temperate 
grasslands lost 29%, In tropical ecosystems where secondary 
forests are converted to short-term agriculture, a mean loss of 
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21% was found i The quality of the available data generally 
precluded any analysis of the loss of carbon as a function of 
time since disturbance, Chmges 1n 14 C age and C/N ratio with 
cultivation are consistent with a rapid loss of labile organic 
materials during the first 20 years after land-use conversion, 
followed by a slower loss rate with continued agriculture* 

Data on 322 soil profiles from Soil Survey Investigation Reports 
of the U.S. Department of Agriculture were analyzed and 
classified Into soil groups, vegetation types, and cultivation 
categories to el Imlnate variation from factors related to 
cl imate, sol 1 texture, parent material , and cultivation. Mean 
values .uggest that cultivated Alflsols contain 33% less carbon 
than uncultivated Alfisols. Apparent looses from cultivated 
Mol 1 1 $o1 s are much less ; the data from the lido 1 1 •'."border 
suggest no change in carbon content to 150 cm depth In 
cultivated profiles. There 1s, however, a change 1n 
distribution of organic matter 1n these profiles. Surface 
horizons average 30 to 50% less carbon while lower horizons show 
gains in carbon. This suggests that cultivation may increase 
downward transport of organic matter 1n these soils. 

In both of these studies, lower amounts of carbon loss due to 
cultivation are reported than those of previous Investigations* 
This is larqely due to differences in treatment of the data and 
sampling approaches. Most previous studies reported only 
percentage carbon loss in the surface soil {less than 20 cm) 
where bulk density 1s low and only a portion of the total 
organic matter Is stored. In this study, carbon storage was 
analyzed in profiles to one meter in depth where Increases 1n 
soil bulk densltv, mixing Into lower layers, and Increased 
downward in., sport during cultivation were taken Into account. 
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Initial development of a computer model for soil and litter 
decomposition has been completed. The model 1s designed to link 
forest production to soil carbon storage, and takes Into account 
nutrient availability and cl*Tat1c factors. The ultimate goal 
1s a model which can predict changes 1n soil .carbon when forests 
art converted to agricultural and other uses. 

R ecent References 

Mann, I* K. A regional comparison of soil carbon in 'tivated and 
uncultivated loess-derived soils 1n the Central United States* Soil 
Science, submitted. 

Pastor, J., and W. M. Post. Calculating Thornwalte and Mather's AET. 
Canadian Journal of Forest Research, submitted* 

Schlesinger, W. H. In press. Changes in soil carbon storage and 
associated properties with disturbance and recovery. J. R. Trabalka 
and D. £. Reichle (eds.) IN Proceedings of the Sixth ORNL Ufa 
Sciences Symposium: The Global Carbon Cycle* 

V. OTHER CARGON DIOXIDE RESEARCH AND SUPPORT ACTIVITIES AT ORNL 

Terrestrial Ecosystems, Climate, and the Global Carbon c y c lf 
(W. R. Emanuel, A. M. Solomon, T. J. Biasing, G. G. Killough*, 
J. S. Olson, T.-H. Peng, W. M. Post, R. J. Renka**, 0. A. Watts, and 
D. C West, Environmental Sciences Division) 

This research project is supported by the National Science 
Foundation (NSF). A major effort has involved development of a 
computerize^ map of the world's life zones to serve as the geographical 
h.vjs tor spatially disaggregated, climate-dependent models for the 
terrestrial component of the global carbon cycle. Data for calibration 
of models for carbon cycling 1n each life zone are being assembled and 
organized according to the Holdridge Life Zone Classification System. 
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This data base is uv-d to analyse relationships between climate and 
terrestrial carbon cycling with recent emphasis on soil carbon storage. 

A procedure for calibrating a two-dimensional (latitude and depth) 
model of ccirhon turnover in the world's oceans has been Implemented. 
Initially, th i 5 approach is belt g tested in the Atlantic Ocean. A major 
review of tracers in the oceans has been completed, resulting in an 
irwirov.si liMfj^tanciipq of the use of multiple tracers In studying the 
dynamics of carbon in the ocean. Aggregated models of the carbon cycle 
continue to be refined and are being applied to the interpretation of 
}i C/ ]? C time series. 

Stochastic forest stand growth and succession models are being used 
in conjunction with pollen records of vegetation composition. Current 
emphasis is on testing hypotheses which seek to explain anomalous biotic 
assemblage, during prehistoric periods when the seasonal thermal wave 
apparently w.is much reduced. Biomass values simulated from pollen 
records are being independently verified by directly estimating modern 
tree specie iihundancud from pollen influx in lake sediments. Tree-ring 
chronologies «in- being used to reconstruct climate over the past 200-300 
years as an input to the stand growth models. Efforts to collect new 
Holocene pollen records have been concentrated in the area of central 
Kentucky to southern Ohio. 

Recent A ccomp lish ment s 

Anolysis of the distribution of terrestrial ecosystem complexes 
through the application of climate-based classification schemes* 

Mapping of the contemporary distribution of major terrestrial 
ecosystem complexes and associated carbon storage in vegetation 
and soi Is* 
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An analysis of the alterations to broad /ones of ecosystem 
complexes from climate change projected for elevated 



Clarification of the relationships between climate and carbon 
storage 1n soils* 

A compartment model i ng system to simul ate carbon cycl ing i n 
major ecosystem complexes* 

Demonstration that forest stand simulation models are 
consistent with fossil pollen records on time periods ranging 
from 10,000 to 20,000 years 

Forest simulations 1 of Holocene vegetation history in eastern 
North America constrained by pollen records 

Completion of a tree-ring samplinq program in Illinois, Iowa, 
and Missouri and the development of schemes to reconstruct 
climatic variables from eastern North American tree-ring data 

A major review of the interpretation of tracers in the oceans* 

Ocean models based on tracer data that consider variations 
with both latitude and depth* 

13 12 

Interpretation of C/ C time series from tree rings in 
terms of the historical release of carbon to the atmosphere 
from terrestrial ecosystems* 



Joint D0E/MSF support 



atmospheric C0 2 concentration* 
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Carbon Dioxide Information Cfntcr (M. P. Farrel], et aU; Information 



The Carhon Dioxide Information Center (CDIC) was established at ORNL 
by DOE to develop and maintain a data management and network system that 
serves scientists, administrators, and legislators Involved *in under- 
standing and resolving the C0 2 Issue, The broad objectives of CDIC 
are to: 

identify and highlight data needs and priorities; - 



recognize other important national and International data 
collection activities, providing network referral and fcllow-up; 

collect, organize, process, evaluate, package, and disseminate 
numeric, bib . 1ograph1c, and other related C0£ information 
(e.g., compter models, benchmark analysis results); and 

develop and implement procedures to ensure quality of numeric 
dcta supporting the CG2 assessment effort. 

Recent Accomplishments 

CDIC currer.tly has: 



more than 1650 individual participants 1n CDIC Network, 
representing 44 countries; 

more than 7200 citations with keywords and work breakdown 
categories; 

89 data basJS inventoried and described; and 

29 data bases (21 climate; 8 carbon cycle) acquired. 



Division) 
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Recent References 

Watts, J. A., and L. J. Allien. 1983. An Inventory of Numeric Data 
for Carbon Dioxide Research. ORNL/CDIC-1. Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 

Allison, L. J., and H. A. Pfuderer. 1983. Guide to the Bibl iograpM- 
Format Used by the Carbon Dioxide Information Center. ORNL/CDIC-6. 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

Allison, L. J.. 1984, User's Guide to the Carbon Dioxide Information 
Center's Bibliographic Information System. ORNL/CDIC-7. Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. 
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Climatic Analysis of Simulated Weather Patterns (T. J, Biasing, 
Environmental Sciences Division) 

The primary purpose Is x,o develop and implement a strategy for 
comparing model predictions of climate with observed climate. The study 
will not only assist climate modelers in diagnosis and Improvement of 
model performance, but will benefit clirnate-model users by determining 
which climatic factors are most useful for climate-impact studies. An 
additional objective of the study is to evaluate the use of .cl imate-model 
output for determining impacts of a COg-indi'ced warmin'g on the North 
American corn belt. Past research (by A. M» Solomon) also dealt with 
modeling of responses of forest ecosystems to projected climate shifts. 

Recent Accomplishments 

Predicted response of the North American corn belt to climatic 
warming - n^t northward movement without major problems if 
appropriate planning/response measures Implemented 

Implications from Twentieth Century climatic anomalies for 
future CG\> induced climatic warming - first detection of COg 
signal expected In summer wfcather patterns. 

Mo^ 1 simulations predict net decreases 1n carbon storage 
capacity of eastern North American forests from climatic warming 
losses offset any potential increases from CO2 
fertilization or growth enhancement In Canadian boreal fore'ts. 

Recent References 

Blading, T. J. and G. P. Lofgren. 1980. Seasonal climatic anomaly 
typos for the n^rth Pacific sector and western North America. Mon. 
Weather Rev. ?03:700-719. 

Biasing, y, j, 1981. Characteristic anomaly patterns of summer sea 
lov*1 oressure for the Northern Hemisphere. Tel lus 33:428-437. 




Biasing T, J, and A. M. Solomon. 1983. Response of the North American 
corn belt tc climate warming. TR-006. U.S. Department of Energy, 
Washington, D. C. 

Solomon, A. M. and M. L. Tharp. Transient Response of Unmanaged Forests 
to C0 2 -Induced Climate Change in Eastern North America: Available 
Approaches, Initial Results, and Data Demands. ORNL/TM-9078. 
Oak Ridge National Laboratory, Oak Ridge, Tennessee (in press). 
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FluvatiHl f <V t f f c a r t '. of Iffrn-slr 1 al fcosystoins (R, J. Luxmoore, 
R. J. Nor by, A. M. Solomon, and b. C. West; Environmental Sciences 
Division) 

I ho ovfjidll objective of this research is to determine how elevated 
atmospheric CO,, concentration affect forest ecosystems. This will be 
accomplished through both empirical and computer-simulation studies. 
Nutriont rnti ntion and phytomass of forest ecosystems aro boin.g studied 
in controlled environmental chambers. Specific studies examine plant 
root-mycorrhi^al system and soil microbial responses to elevated CO^. 
Computer simulation studies will determine how forests respond directly 
to elevated. lc>vt?1s of atmospheric CC^. Secondary climatic effects of 
elevated CO^ will also be modeled, Including pathogenic insect 
inf estat ion, soi 1 nutrient turnover, and temperature 'moisture responses 
by trees <is a function of soil variability. 



Recont Acowppl ish rcents 

Fain ic.it inn uf tost facilities for controlling plant exposure 
CO^ ittmospheres. 

initidl result* indicate incrc ed root exudation and reduced 

loss of ssmiw nutrients at higher C0 9 levels. 
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Sensitive Atidlyr.tr. of the Impact of CO? Accumulation on Climate 
(M. C. G. Hall and 0. 6. Cacuci; Engineering Physics, Division) 

Despite the complexity of the computer models used to predict CC^- 
Inducd climate change* these models contain many gross approximations. 
The go«! of this DGIi-supported research " is to develop an efficient 
method or estimating the effect of approximations in clynate models. 
Research was initio toe! using <i simple climate model (radiative-convecti ve 
type), and is now continuing using the most sophisticated type of climate 
modi?l (a global general circulation model). Such sensitivity analyses 
"will enable climate modelers to identify the most important areas for 
model Improvement and v/ill help decision makers understand the 
reliability of the predictions of COg- induced climatf change.' 

tent Accpnip 1 i shmen ts 

Sensitivity analysis of a radiati ve-convecti ve model by the 
adjoint method - demonstrated that the effect of a wide variety 
of approximations can be estimated <■ ur- incj computing tim;; 
equivalent to only one model rerun. 

Rec ent Reference s 

Hall, H. C. G., D. G. Cacuci, and M. E. Schlesinger. 193?. Sensitivity 
analysis of a radiativo-convective model by the adjoint method. 
.). Almo. Sci. 39: 2038-P050. 

Hall, M. C. G. and I). G. Cacuci. J983. Physical interpretation of the 
odjnint functions for sensitivity analysis of atmospheric modals. 
.1, At»iu. Sci. 40: JTo7-2546. 
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CO^ Research in ORNL'r. L'ncnjy Division 



fnorgy Supply and Demand Implications of CO? (A. M. Pcn-y unci 
W. Fulkerson, with assistance , from scientists at the Massachusetts 
Institute of Icchnology and Institute for Energy Analysis, Oak Ridge 
Assoc i a tod Universities) - • 

The purpose of this DC "-supported study was to investigate the 
requhvd timiny of actions to limit tiie growth of atmospheric CO^ 
under various assumptions concerning the . future, unregulated use of 
fossil fuels, worldwide, and concerning the maximum acceptable levels of 
CO? in the atmosphere. The work was undertaken, in part, in response 
to claims that immediate and severe restrictions on the use of fossil 
fuels would he required in order to avert potentially serious climatic 
changes. 

P »cerit Acc oi»pl ishments 1 

• The m.irkod reductions in the growth rate of global carbon 
emission-, that has occurred in the past ter. years has signifi- 
cantly reduced the urgency for any correlated restrictions on 
fossil fuel use - Jrf growth rates of carbon emissions remain in 
the vicinity of 2%/yr., as now seems likely, then actions to 
limit *he further increase of CO? woi'ld not be required in 
tl.is century. 

High growth rates of the nineteen-f if t ; es and -sixties could not 
be maintained if there were any serious intent to limit 
CO? to roughly twice its 1900 level, i.e., to around 600 ppm. 

Perry, A. M . , K. J. Araj, W. Fulkerson, D. J. Rose, M. M. Miller, and 
R. M. Rotty. Energy supply and demand implications of CO? 

Energy 7;9 n l-)0Q.*r 
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Atmospheric KrUwilion of Anthropogenic CO^: The Scenario Dependence of 
the Airborne Fraction (A. M. Perry). 

The purpose of this study, supported by the Electric Power Research 
Institute (EPRI), was to illustrate and to explore further the already- 
recocjnliwl dependence, of the airborne fraction on details, of the 
projections for future COg production, i.e., fossil fgei use. Several 

carbon c\v.le models w*?ro used in this exercise. 



Recent Accomplishments ' 

Tht» iiirborne fraction, presently about 0.6 or less, depending on 
the biosphere contribution (still poorly defined), may increase 
• in the future, stay nearly the same, or decrease, depending on 
the future CO^ production rates from fossil fuels. , 

Recent J tof t « r i » n c : c * 

Perry, A. M.. Atmospheric Retention nf Anthropogenic CUj,: The Scenario 
Dependent'.' 1 of this Airborne I'raction. Electric Power Research 
Institute, Palo Alto, California (in press). 

The CO^ Issue: Potential Implications for U. S. Electric Utilities 
(A. M. Perry). 

Growth in electricity-generating capacity in the United States will, 
for some years, be based mainly on coal-fired- plants. The purpose of 
this EPRI-supported, study was to explore the timing of a gradual swing 
away from coal to non-fossil energy sources that might be u required if a 
serious global effort were undertaken to limit the future increase in 
dtmo'.phiric COp. Rr.nR of this study have not yet boon reviewed by 
EPRI, and no conclusions can yet be drawn. 
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Mr. (iniiK. VVi'll, t hank you very much. That's a most impressive 
statement, and the work you all have been doing is most impres- 
sive as well, 1 will hold questions until the other panelists have 
concluded. Let me call now on Dr. Wallace Broecker from the Geo- 
chemistry Department at Lamont-Doherty Observatory in Pali- 
sades, NY. Dr. Broecker, welcome. We are delighted to hear from 
you. 

STATKMKNT OF DR. WALLACE BROKIKKR, GEOCHEMISTRY 
DEPARTMENT, LAMONT-DOHERTY OBSERVATORY 

Mr. Bkokckkk. Well, thank you, Mr. Gore. 

I guess what I would like to emphasize today is that the problem 
we face I think long term is a very serious and challenging one, 
and I don't think that right now the world is doing the oroper re- 
search in order to get the answers we are going to need on the time 
scale we need them, so 1 have to defend these statements. I will 
start by trying to show you why I believe we are facing very impor- 
• tant changes due to the buildup of these CO2 and other greenhouse 
gases, and that many of these changes are things that we are not 
likely to easily predict. I think that the present models we're using 
■ tend to oversimplify things and perhaps give us a more conserva- 
tive view of the future. 

Now my training is in geochemistry, I have spent an academic 
career of Hi) years working on carbon cycling, ocean circulation, 
and paleoelimate, so I have spent my life studying the very thing 
that we are interested in from, 1 think, all points of view. Now in 
my own thinking the very important information we have with 
regard to what's coming in the future is to look at the past. We 
have now accumulated a rather impressive set of data about times 
oi' the past when climate was very different than now, 

Most important in that data set, perhaps, is the material shown 
on the map in my testimony which shows the way the world looked 
lS.n(H) years ago during the glacial period compared to today. It's a 
simplified map showing ice, forests, and other types of land, and 
you notice that during the glacial period the forests are dramatical- 
ly down, maybe a factor of o. The ice is much larger, and indeed 
paleoclimatic records show that every place you can look on Earth 
where you can find sediments of that age, things were very differ- 
ent. 

Now the amazing thing about this is that over the last decade or 
so people have made a very strong attempt to find out how mucV 
colder it was there, and they have come up with the rather star- 
tling conclusion that during the time shown on this map the tem- 
perature of the globe was only about 8 degrees cooler than it is 
now— I mean, I'm sorry, 4 to »>degrees cooler than it is now, so that 
the cooling of the Earth that produced these glacial periods is com- 
parable in magnitude to what we expect from the full CO2 effect. 

So I think our most impressive information with regard to how 
.mich the environment of the planet changes per unit temperature 
change is shown by these maps, and if they are any valid predic- 
tion of what is going to go on in the future, that means that a 4- or 
o-degree temperature change is not at all trivial. It goes well 
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beyond our intuit ion and it will, you know, make the Earth a very 
different place tu live. 

Now by "different" I don't mean bad. That's one of the unfortu- 
nate things. We are not in a position to say, really, I don't even 
think the net balance of these changes. What I want to stress is, 
the changes will be large, and we're going to have to accommodate 
the bad parts and we're going to have to try to take advantage of 
the good things, but we have to look ahead to do that. ' 

Now recent work on the paleoclimatic record, some startling re- 
sults have been obtained from long ice cores that have been drilled 
through both Antarctica and Greenland. The latest core in Green- 
land was at a site called DI-3. It's one of our radar bases in south- 
ern Greenland. This showed that during the last glacial period 
there were a series of very sharp climatfc changes that took cli- . 
mate well back toward its interglacial or present condition. These 
were, even by interglacial to glacial standards, very large changes, 
People have looked at these records in the ice— and there are a 
few pollen records that show similar detail— and sort of in the past 
considered that perhaps these were just local events, noise in the 
record, but a startling finding by the workers in Bern, Switzerland 
has shown that that is probably not at all true. These ice cores con- 
tain a record of the past CO2 content, and they have been able to 
show that these events that are shown in the middle of this ice' 
core record are associated with large changes in CO2 content of the 
air, up to (JO parts per million, and that the one near 1,900-meter 
depth in this diagram, this happened in less than 20u years. 0 

Now its not the CO2 changes themselves that we re concerned 
about. It's the fact that the only way that we can see that the CO2 
could have changed by that much in that short a time is if there 
were a rather large reorganization of the way in which the ocean 
atmosphere system operates; namely, the ocean circulation pat- 
terns underwent serious and large changes on a short time scale. 

Now it's hard to say whether, by pushing climate into a warmer 
regime than we have ever experienced, whether we're going to 
come up against these rapid changes where the system flips from 
one mode of operation to another. We have really no basis for that. 
In fact, we can't really prove that they happened; in the past, but it 
dees appear to me that these changes are telling us that we have to 
be concerned that the climate will not necessarily change gradually 
from conditions we have now to the conditions that we will experi- 
ence at a lull GOj warming, but rather they may proceed in jumps, 
and it's these kind of jumps that would really make things very dif- 
ficult. We see recently there has been a rapid decline in the state 
of our forests, many places. This astounds people. I mean, why does 
it suddenly start to happen so fast? What can we do about it? So 
man is really the least equipped to cope with very rapid changes 
when we don't know which way they're going, 

Mr. Gork. Let me try to translate what you've just said for my 
own purposes, ^nd tell me if I am understanding it correctly. You 
are saying that your study of past atmospheric changes, the ice 
ages and all the rest, leads you to the conclusion that rather small 
temperature changes on a linear scale can have the effect of rather 
qul'-kly throwing the entire global climate system out of equilibri- 
um and pushing it toward a new systemic equilibrium point where 
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the dynamics anil the interaction between the different compo- 
nents of that system are very different from the systemic equilibri- 
um which accompanied a temperature just 2 or 3 degrees different 
from that. Is that-- — 

Mr. Brokcker. That's basically correct, and we're sort of feeling 
our way in a dark fog. \ 

Mr. Gork. And you're extrapolating from that to say that an- 
other change of the same order of magnitude— two, three, foui, five 
degrees— will likely 

Mr. Brokckkr, Maybe. 

Mr. Gork (continuing). May, may produce a shift in the systemia 
equilibrium to a new pattern of interaction. Is that right? 

Mr. Broecker, I guess that's what I'm saying. I'm trying to say 
that we're dealing with a system that is extraordinarily complicat- 
ed. We tend to try to model it in a very simple way, and of course 
our models only permit the simple things that we introduce into 
the models, The models we make now do not include the ocean in 
any realistic way; they include it as a heat sink. They may trans- 
port heat in th£ ocean in an artificial way, but they certainly have 
no way to let the ofcean's mode of operation change 

I think all of us think that the next great step that has to be 
taken, if we're going to be able to improve our ability to predict the 
future, is to introduce the ocean in a mpre realistic way into the 
models, and that means learning a helNof a lot about the ocean 
that we now don't know. It's difficult. I would say it's comparable 
to finding the cause of cancer. I mean, it's a very, very, very seri- 
ous scientific question that's going to require the best minds and a 
tremendous amount of work. 

So just to conclude, I really feel that the present research pro- 
grams are much too motivated to sort of milk the last possible 
meaning out of the present information. They are viewed— too 
much emphasis is being placed on writing a report in 1985, when I 
think all of us in the field know that in 1985 that report that is 
going to be written isn't going to_be particularly different than the 
ones that have already been written. 

If we are going to make a major advance, we're going to have to 
buckle down and do some very' difficult projects. I think most of us 
that work in this field have an idea of what those are. I think we 
agree basically what has to be done. They involve gathering large 
new data sets that are going to be necessary if we are to make ad- 
vances. Were going to need that information or we're stuck, and 
its going to involve a new generation of models, far more sophisti- 
cated and complicated than we have now, in order to get at these 
things. Too much just playing around now, too little effort to look 
ahead and say, "What are we going to do?" It's as if we were de- 
signing new kinds of beds for cancer patients or something, 

That isn't the solution.. The solution in the case of cancer was to 
get at the cell problem, the biochemistry problems, and look at it 
in a serious way. In the environment we have not done that. We 
have focused almost entirely on the immediate issues, The science 
of the environment I think has lagged behind because it has fallen 
in a crack between the NSF saying, "That is mission-oriented 
stuff," and mission-oriented people saying, "We've got to respond to 
immediate problems. 
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So when I heard 2 years ago that NASA had proposed something 
culled "global habitnbility," I stood up and cheered because I said 
that is exactly the kind of program that is needed to get away from 
the immediate issues, in a way stand back and say what the coun- 
try needs and the work 1 needs is a very serious program to lav the 
base for making these decisions we have to make. I think it would 
be a cost effective thing because God knows how much money we 
have wasted on environmental issues,, largely through our igno- 
rance of how the environment operates, and I don't see that the 
country has awakened to the fact that it would be cost-effective to., 
do this kind of work. 

When I saw the thing about the space platform I about jumped 
in the Hudson. I thought, you know, for that kind of money one 
could— if NASA had that kind of money to do satellites that looked 
back at the Earth, we could for the first time maybe have a hope of 
finding out about these things rather than just experiencing them 
in 50 to 100 years. So I am worried and I am concerned, and I 
think something's got to be done. 

Mr. (ioKK. Well, thank you. Without objection, we will include 
your full st. *ement in the record. 

I don't want to—I said I would save questions until the panel had 
completed. Let me just interject this one very briefly. On this ques- 
tion of shifting equilibrium points, I didn't quite understand the 
implications of your testimony for the role of COa in those previous 
shifts. Was there a particular role assigned to COa in these shifts? 

Mr. JJrokckkr. I think the observation that the COa content of 
the ail? trapped in this ice changed indicates to us that the COa con- 
tent of the atmosphere changed, so we all scratch our heads and 
say, "How in the heck can you change tho COa content of the at- 
mosphere in 200 years by that amount?" We know quite a bit 
about it, a,nd the people that work on this are pretty much of a 
mind -I would say totally of a mind— that the only way to do this 
would be to reorganize the way the ocean/atmosphere system oper- 
ates find then you might be able to do it. 

So we use the COa change not in the sense that we're thinking of 
it as a causal factor but as an indicator. For the first time there is 
powerful evidence that the cean /atmosphere system can reorga- 
nize, ys you have very nicely stated, into a new equilibrium state. 
It has done it in the past, and unfortunately we have never been o 
degreps wanner, so it s a guess. 

Mr. Gore, So without stating that it's a cause, it is nevertheless 
possible to say that at each point where we have had a change in 
equilibrium states, CO- densities have been associated with that. 

Mr. i Bkokckkh. Yes, 

Mr.'.GoRK. Well, I think that's a real good lead-in to Dr. William 
Jenkins' statement. Dr. Jenkins comes from the Woods Hole 
Oceanographic Institution at Woods Hole, MA. 

Were delighted to have you ro-.nd out this panel, Dr. Jenkins. 
Without objection, your full statement will also be included in the 
record. If you care to present it or summarize any portion of it, feel 
free to do so. 
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STATKMKNT OK UK. WILLIAM J. JENKINS, WOODS HOLE , 
Ot 'KAN'OUUAI'IIIC INSTITUTE 

, Mr. Jknkins. Thank you, 

I wculd like to follow on a little from what Wally Broecker had 
mentioned. What I would like to say first of all is to convince you 
that the oceans play a critical role in the CO2 climate system in 
two ways, and then to convince you that in many respects «we 
really go not have a firm handle on how the sy3tem will couple to- 
gether, except in a qualitative way, and then try to convince you 
that Jthe observational programs that we have at present are inad- 
equate to really address these problems at this stage. 

Now I guess the first point is that in many respects the oceans 
play two roles in the climate system* One of them is, they serve to 
redistribute heat and 'temperature and also water vapor, and from 
this viewpoint this affects the climate system. If you were to look* 
at a given location in thb subtropics you would find that half of the 
heat which is carried between the Equator and the poles as a result 
of the uneven distribution of energy received by the Sun, half of 
this heat is carried by the oceans and half is by the atmosphere, 
and so in a very direct sqnse the oceans play a very important role 
in this. 

But, mote importantly, the oceans in fact will take up the bulk 
of the manmade CO2. There is evidence that at present about half 
of the fossil fuel produced CCX> has been taken up by the oceans, 
just by comparing what has been produced with what we see in the 
atmosphere. What I feel is important about this is reflecting on 
what Wally Broecker mentioned in terms of nonlinear systems, 
that is that the climate changes that are going to be caused by CO2, 
that have been predicted by the CO2, in fact may impede the 
oceans' ability to take up the CO2. 

Most models that are used in the prediction of future CO? levels 
treat the ocean in a very passive way. That is to say, it take up 
about ha!; of the carbon dioxide that we produce. In fact, it is 
clearly evident on the basis of observations that the oceans in fact 
are very sensitive to climate changes, an^ that there hhs been evi- 
dence in some parts of the oceanfe that the very processes of remov- 
ing the CO2— that is, water mass formation— have in- fact ceased 
and turned on and ceased and turned on in the past. They have 
been changing by factors of tw6 in many places. 

In fact if you think of the oceans as a giant heat engine driven 
by the contrast in temperature between the Equator and the 
poles— the Equator as being warm and the poles being cold, and 
the oceans turning over in response to this temperature differ- 
ence—most models of temperature increase which we focused on 
also predict a pronounced warming in the polar regions relative to 
the equator, so we reduce this thermal contrast. If we reduce this 
thermal contrast, we reduce the energy of the heat engine and we 
reduce t\\e oceans 1 ability to take up the CO*. 

This is a very simplistic argument, but in many respects I think 
it does hold true. You ask yourself this question: We say by 2100 
we may have a factor of 2 increase in the amount of CO? in the 
atmosphere, that is, assuming the oceans take up half of what we, 
put in. What if the oceans take up none? What if tbey stop? I don't 
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mean stop and stand still in the sense of circulation, but in the 
sense of the effective processes of removal of CO2 from the atmos- 
phere. 

We have to ask these questions, and I don't think we are in the 
position of answering them right yet. The major limitation is that 
we do not have data, we do not have the models, we do not have 
the computational power to really address and formulate the 
models that would be necessary to make these predictions. There is 
a saying in numerical modelers that one good boundary condition 
" is worth 1,000 hours of computer time. 

Mr, Gork. I hadn't heard that one before. 

Mr. Jenkins. It's certainty true. [Laughter.] 

The point being that in fact recent projections have been made 
that a fully thermodynamic, eddy resolving global circi *ation 
model — which is really to say a numerical computer model which 
is somewhat more realistic, or realistic enough to begin to give us 
confidence — if it ever existed would take something of the ordei of 
20,000 hours of dedicated CPU time, central processing unit time, 
on the world s fastest available commercial computer, the CRAY-1 
at this stage. That's '3 vears of CPU time. There's no indication of 
bad runs or computer bugs or just the development that would go 
into that kind of computer model. 

So we're faced with constructing very simple-minded models. The 
models that have been used to take up the CO2 in these ocean sys- 
tems are extremely simple. Hopefully we'll improve in the sophisti- 
cation of these models, but they will not be the Utopia of models. 
That's beyond our wildest dreams, but the more sophisticated the 
models become, the more we need the data to constrain these 
models because we're tfoing to take some of these processes which 
we can't hope to explicitly put into the models and parameterize or 
average them out. 

Unless we really understand what these processes are and we 
really understand the data and have the confidence in it, we 
cannot hope to have the models to these systems, and in light of 
the fact that the oceans as a system will likely change— they have 
been observed to charjge during the past climate, as Dr. Broecker 
has pointed out, and theywill likely change in response to the cli- 
mate that we have been seeing, and even now we see small changes 
as a result of natural climatic variations— the point is that we need 
to be able to make these- predictions and we can't, and the funda- 
mental limitation is the data. 

This is not an engineering problem, as one for the people who 
decide how these programs are laid out; it's not a problem of 
taking well-established, fundamental principles, accepted funda- 
mental principles and working them out to the fourth decimal 
place. This is a problem of understanding the system. The system is 
verv nonlinear. This is a wild force, in a sense, that we are riding, 
and we need to really understand what's going on there, 

Thank you. 

Mr. Gokk. Well, thank you very much. 

Let me try to understand your testimony better, Dr. Jenkins. 
You're saying that the model of the greenhouse effect that science 
has been working with and perfecting over the last few years, may 
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have, may include a false assumption about the role of the ocean 

system in CXh absorption. Did you want to 

Mr. Jenkins. I think "false" is, in a sense, an unfair term. I 
think that its an expedient, an unrealistic assumption. I think the 
people, who do construct the models realize that the oceans will 
change. 

Mr. Gore. Yes, but because they don't know much about it, they • „ 
have expediently assumed that it s going to be static, that the rate 
of C(X> absorption is probably not going to change very much as at- 
mospheric CO2 levels increase. 

Mr. Jenkins. I think that's a correct statement. ♦ 

Mr. GokE. Now your studies indicate that actually increased CO2 
levels in the atmosphere may sharply reduce the ability of the 
oceans to absorb CO2. Is that correct? , 

Mr. Jenkins. That's completely feasible! yes. 

Mr. Gore. Why? 

Mr. Jenkins. Because the processes which remove the carbon di- 
oxide from the atmosphere are those of what are called water mass 
formation and modification. Basically how the deep ocean works is 
that you warm waters in the equatorial regions, and warmer 
waters are lighter, and you cool waters in the polar regions, and 
cooler waters are heavier. The oceans are stratified: That is to say, 
the light water lays on the top and the cold water lays on the 
bottom, and so you rely on this process, or we rely on this process 
of cooling in the polar regions to remove water from the upper 
layers into the deeper layers, to take away this carbon dioxide from 
the atmosphere basically, and that's the major pathway. 

Now this process of water mass formation, this cooling in the 
polar regions, really is driven by the contrast between the Equator 
and the poles, and if you warm the poles by 5 or 6 degrees Centi- 
grade then you could very well shut off bottom water formation for 
significant periods of time, decades. 

Mr. Gore. Shut off what? 

Mr. Jenkins. Shut off bottom water formation, the deep water 
sinking process that removes this carbon dioxide. Now that's a 
rather abrupt statement to make, and it's subject to a number of 
qualifications, but we have seen variations in the rate at which 
these processes occur: 

Mr. Gore. OK. Wait a second, Wait a second. So temperature is 
what is driving the change in the ocean system behavior, and not 
COn per se. Its the temperature effect. It's the differential heating * 
at the poles as compared to the Equator. 

Mr. Jenkins. Yes. The more 

Mr. Gore. Because the greenhouse effect increases temperature 
more at the poles than at the Equator, it has a differential effect * 
on the behavior of the oceans in taking warm water that has— in 
cooling warm water at the poles and sinking it and taking the CO2 
with it down to the bottom. OK? Is that it? 

Mr. Jenkins. That's correct. 

Mr. Gore. And since the heating up takes place more at the 
poles than the rate at which that warm water containing CO2 is 
submerged, that rate slows down faster than the counterpart at the 
middle, Equator area where the reverse is taking place. Is that es- 
sentially it? 
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Mr. Jknkins. Yes. In fact, that's one facet of the problem. One 
which I really did not stress or mention is that in fact you are 
warming the poles, and if the water is— the water you are trying to 
sink is not as cold as the water that is already there, you cannot 
sink it and you cannot remove the carbon dioxide. So in fact it's 
not just the difference between the Equator and the poles, it's the 
absolute warming as well. that 

Mr. Gore. Yes, yes. I see. Now what does salinity have to do with 
this? 

. Mr. Jenkins. Salinity is another component in what is called the 
equation of state or the determining factors which make water 
heavier or lighter. In ijiany respects the largest^actor in the pro- 
gram or in this aspect is temperature. Salinity does play a role. In 
general, as oceanographers — and I think you are alluding now to 
the paper which is at the back of this statement — it is more an in- 
dicator of changes that have occurred 

Mr. Gore. Oh, I see. 

Mr. Jenkins [continuing].' Rather than the driving force. The 
alarming thing about this is that we have seen changes in these 
processes in 5, 10, 15 years, not 100 years 'but 5 or 10 years, the 
timeframe which is exactly the one that we are concerned about, 
the rate at which we are putting C0 2 in. It is entirely possible, for 
example— observations that have been made in the Labrador Sea, 
where intermediate waters are formed, waters that sink down to 
perhaps 1,000 or 2,000 meters, to mid-depths in the ocean, have ac- 
tually stopped or been reduced to a very small fraction of the 
normal production rate, if you will— in other words, the rate at 
which its sinking— just by natural variations in climate, 

Mr. Gore. Yes. 

Mr. Jenkins. And so the point is, this really underlines the non- 
linear response. If we stop this removal of CO2, then CO2 will be 
sequestered or built up in the atmosphere, and it makes the effect 
worse. It becomes a vicious circle. So in fact this could be a mecha- 
nism very similar to what Dr. Broecker was talking about, where 
you may switch into a very different mode. 

Mr. Gore. Well, now, let » 3 translate ah this into its implica- 
tions. Lots of uncertainties i...iain, obviously, but the real implica- 
tion of your work and your analysis is that it's entirely possible for 
our time frame to be way off, and it is entirely possible for the dire 
consequences that have been projected to accompany the green- 
house effect, entirely possible for them to occur much sooner than 
even the most optimistic prior report. Is that 

Mr. Jenkins. Well, I won't take the extreme stand. I'm not an 
expert in climatology 

Mr. Gore. Yes. 

Mr. Jenkins [continuing]. But in oceanography, so I cannot pre- 
dict, I do not have the qualifications to say what the effects of a 
sequestering of CO2 or a buildup of C0 2 in the atmosphere is. But 
given the spectrum of opinion that does exist— for example, on the 
one extreme the EPA report, on the other extreme the National 
Academy report— you can realize that there is some uncertainty as 
to the magnitude of these effects but that both studies in a sense 
rely upon the oceans taking up half of the carbon dioxide. 

Mr. Gore. Yes. 
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Mr. Jknkinh. And it's entirely possible that the oceans may in 
Home part take up much less than half, and in fact that the C0 2 
buildup may be much greater. Now whose predictions will be right 
within that spectrum of opinion of course is beyond my qualifica- 
tions, but i* certainly says that we should be concerned about this 
on a more immediate time scale than the next 100 years. 

Mr. Gork. Dr. Broecker, did you want to add something to, this? 
You appeared to disagree with the implication I was drawing from 
Dr. Jenkins' work. 

Mr. Brokcker. I guess a bit. I'think of the ocean more in terms 
of the fact that it's connected with the climate system, and that 
changes in the ocean will ricochet through the system leading to 
regional changes in climate; rather than of its effect as a C0 2 ab- 
sorber. Certainly that's important, but I would say my feeling 
would be, that the changes in ocean circulation are unlikely to. 
change the CO* uptake by much more than the uncertainty we 
have in the rate it's going to go in anyway. 

I think it just indicates that there is one huge part of this cli- 
mate system about which we know so little that when we're asked 
these questions, we really have to hedge an awful lot. We can't 
really give you the kind of answers you would like to hear. I mean, 
we have had hundreds and hundreds and hundreds of complete pic- 
tures of what the atmosphere is like with regard to wind, with 
regard to temperature, with regard to all sorts of things. We really 
have not even one picture of how the deep ocean is and its state, so 
we're like meteorologists 100 years ago, I mean, it is approaching, I 
think, that level of difficulty, and we've got a long way to go. 

Mr. Gore. I think it was only— what?— 2 years ago that they dis- 
covered that 98 percent of the kinetic energy in the ocean system 
was in centrifugal eddies, and previously they had looked at the re- 
maining 2 percent as if it was the entire system. 

Dr. Trabalka, did you want to comment on the implications of 
this possible dramatic lowering in the rate of absorption of C0 2 by 
the oceans? 

Mr. Trabalka. Only to the extent that I think that what you 
have heard indicates that the real issue is one of uncertainty about 
the ocean response. We don't really have any definitive answers at 
this point, and clearly we do need to get additional information, 

Mr. CJork. Mr. McGrath? 

Mr. McGrath. Mr. Chairman, I ask unanimous consent to insert 
in the record an opening statement, and I have no questions. 

Mr. Gore. Without objection, we will put that in at the begin- 
ning of the hearing. 

IsVt me just ask a few mi'e here? 

Mrs. Schnkidkk. What about me? 

Mr. Gork. Oh, I'm sorry. Ms. Schneider, I'm sorry. I didn't see 
you come in. 
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Mrs. SniNKiifrKK. That's all right, 

I regret 1 was detained at another hearing and was unable to 
hear your prepared testimony. However, I am familiar with at 
east Dr. Jenkins 1 and Dr. Broecker's lack of enthu; iasm— should I 
out it politely?— for DOE s approach to the ocean as a part of the 
climatic system. I happen to serve on two other committees that 
have jurisdiction over both EPA and NOAA's budgets, and if we 
are inclined to provide additional funding for those budgets for 
ocean research, might any of you have some recommendations as ... 
to how best to earmark the appropriations of those funds to 
achieve the goal that you discussed in your testimony? 

Mr. Brokckkr. Yes, definitely. They should go to tht National 
Science Foundation. I really think so, because most of the work 
that's being done is being done by university laboratories, and I 
think that they are used to dealing with the NSF with regard to 
the complicated logistics of operating ocean programs. What we 
have seen is that other agencies that are not used to that have dif- 
ficulty. Of course, you could say— of course, NOAA is not— I sup- 
pose that would be my next choice after the National Science 
Foundation. 

Mrs. Schnkidkr. NOAA? 

Mr. Brokckkr. I mean, one of the things that I — i realize I am 
pleased to see that DOE has asked for an increase in their budget 
in order to accomplish ocean research. One could ask why, when 
they have $1H million— and the amount that has been asked for by 
at least the people doing the tracer work that I think everybody 
agrees is one of the highest things on the agenda, we are asking for 
about $1 million— why they can't take it out of their present 
budget. That's one of the things, of course, that bothers me. I don't 
see why it has to wait for a new appropriation at all. 

Mrs. Schnkidkr. Does anyone ^Ise have any comments related to 
this or anything else that you \iay not have been asked about'' I 
now offer you that time. 

Mr. Jknkins. I would like to append an agreement to what Dr. 
Broecker has been saying, that NSF is very well suited to the prob- 
lem in the sense of efficiently administrating a program like this, 
because they have a long history of dealing with the scientific com- 
munity as a whole and therefore have an administrative structure 
already in place, and I think they would be very well suited to ad- 
ministrating this kind of thing. 

Ms. Schnkidkr. OK. Thank you. Yes? 

Mr. Trabai.ka. I would only comment that at this point in time I 
believe the oceanographic research community that has been in- 
volved in the major ocean measurements program is in the process 
of an intense revaluation of that program, and that it may be on 
the order of a year before we have a really good idea of what the 
research needs and direction of that program might take. 

Mrs. Schnkidkr. When you say the oceanographic community, it 
sounds like you're referring to an organized committee or some- 
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thing that's doing this and you have a time frame of 1 year. I am 
not familiar with specifically what you're referring to. 

Mr, Trabalka. I am specifically referring to the group of scien- 
tists that is associated with the Transient Tracers in the Ocean 
Program, and I believe that Dr. Jenkins is the spokesman for that 
particular group. 

--MrsT ScttisrEiOTRr^nd ~s6~that 4 s~a ""group" made i ~ufT of" scientists 

from both the Government and the university sectors? 

Mr. TitABALKA. Principally, I believe, the university sector. 

Mrs. Schneider, I see. OK, 1 year, 1 year you're looking toward 
before you come up with recommendations, you're saying? 

Mr, Trabalka. Well, I think Dr, Jenkins ought to be able to com- 
ment on that. 

Mr. Jenkins. Yes. It's not clear to me that there is a coordinated 
effort to come up with a specific set of recommendations. We have 
as a research group—and just a fraction, I think, of the research 
sector that is involved in this field— been formulating our own re- 
search patterns, and the direction of research that we think pro- 
vides a maximal feedback of information and data that will be re- 
quired for looking at this kind of problem. There are other pro- 
grams involved in which, for example, this transient tracers pro- 
gram has been overlapping with. There are two satellite programs 
that are now being proposed for the early 1990's which we hope to 
interact with in many respects, but there is no formal study or 
report that is in the offing in this respect. 

Mrs. Schneider. OK. Thank you. 

Thank you, Mr. Chairman. 

Mr. Gore, Congressman Volkmer? 

Mr. Volkmer. No questions. 

Mr. Gore. Congressman Lewis? 

Mr. Lewis. No questions, Mr. Chairman. 

Mr, Gore. Let me ask just a couple more, then. 

Dr. Trabalka, your work has shown that the mass of the total 
carbon pool of the Earth's forests may be as much as 50-percent 
less than previously supposed, thus reducing the amount of CO2 
that would be produced through deforestation. If this turned out to 
be the case, could that have a big effect on our understanding of 
how this works? Specifically, what do you think, in light of that, 
about the effect of annual deforestation occurring in tropical coun- 
tries? Is it substantially adding to atmospheric carbon dioxide? We 
have assumed that it was. Do the implications of your work extend 
as far as a different answer for that question? 

Mr. Trabalka. The specific point I was making was that the esti- 
mate of carbon mass in the tropical forests may be substantially 
less than formerly indicated, and that may play a major role in our 
reevaluation of the carbon flux from the tropical forests over the 
past 30 to 40 years, and indeed the role that they play today in the 
overall carbon cycle. I believe that this will provide significant in- 
formation which will be directed toward resolving the current in- 
ability to totally balance the carbon cycle. 

I think the picture today, say the modern picture of the overall 
carbon flux from the biosphere, is one of uncertainty. We can't at 
the present time clearly say that the terrestrial forests are a signif- 
icant source of CO2. There is sufficient uncertainty that the forests 
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could he a very small sink or they could be a moderate source or 
they might be roughly in balance. It's the resolution of that techni- 
cal issue that we're directed toward. 

Mr. Gore. Of course, the annual pattern reflecting the large 
annual impact of deciduous vegetation in the Northern Hemi- 
sphere would indicate that it is a significant §ink. Would you agree 
that the ocean, that the uncertainties surrounding the ocean 
system probably have more leverage on the outcome of our projec- 
tions than anything else? 

Mr. Trabalka I suspect that on into the future this may be the 
case. However, the historical role of the biosphere ultimately is 
going to provide information on what the role of the ocean is. 

Mr. Gore. Very important, too, yes. 

Mr. Trabalka. It's a two-edged sword. 

Mr. Gore. Yes. 

Mr. Trabalka. In referring back to your comment about the 
Mauna Loa record and the " wiggles," the reason you see a fairly 
symmetrical pattern is believed to be caused by the fact that the 
biosphere takes out and releases a roughly equal amount of CO2 
every year. There may be an imbalance in the total, but that 
record alone doesn't really provide any definitive information 
about the role of the terrestrial biosphere as a source or a sink. 

Mr. Gore. Yes; but if it merely reflected the taking out and re- 
leasing of an equal amount, it could be a straight line, 

Mr. Trabalka. The timing of the uptake and release is what 
causes the "wiggles" or the sinusoidal pattern in the record, be- 
cause it occurs at different seasons of the year, 

Mr. Gore. Oh, I thought 

Mr. Trabalka. During the growing season the biosphere is ab- 
sorbing net CO2 from the atmosphere, and then in the fall and 
later periods the decay of leaves and litter and other materials is 
then releasing that material back into the atmosphere. 

Mr. Gore. OK. Well, I was assuming that it reflected principally 
the deciduous vegetation in the great land mass of the Northern 
Hemisphere. 

Mr. Trabalka. That's correct. 

Mr. Gore. Dr. Broecker? 

Mr. Broecker. I would like to comment on this. I think that this 
in a way typifies some of the problems within the CO2 program. I 
mean, I may be cutting my own financial throat in saying this be- 
cause I am involved heavily in this carbon budgeting argument, 
but I think the field has gotten caught on this point. As I see it, 
over the last 5 years there has not been much advanced to resolve 
the problem as to what the role of the forests are, although I won't 
deny that they're important. 

But if we look to the future and ask what are the important 
questions we have to ask with regard to society, that's not one of 
the important ones. I think the carbon budget problem is on the 
firmest ground of all, and there are so many other questions that 
we should get at. We shouldn't let this one dominate o >r thinking 
to the extent that it has been. 

Mr. Gore. Looking at that chart again, and I have asked this 
question before, but I correlated the peaks and the averages on 
that chart with global fossil fuel consumption as measured by the 
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oiland coal figures, and it may be my imagination, but I'm wonder- \ 
ing if any statistical analysis has been done to confirm the correla-. 
tion with world recessions and world economic recoveries. It cer- 
tainly appears to reflect the 1974-75 world recession. I mean, it cer- 
tainly appears to reflect a decline in overall carbon burning, 
Maybe that's just wrong. Has any statistical analysis been done of 
that? 

Mr. Trabalka. Statistical analyses have been done for different 
parts of the record for different purposes. I believe that the one 
that has been performed via our program most recently suggests 
very strongly that the correlation with fossil fuels exists and is 
very real. I believe that probably the period from 1973 on may be 
perhaps not long enough to do the statistical analysis that we 
would like to do, to see whether the impact of the Arab oil embar- 
go has indeed been felt in the system. 

Mr. Gore. Yes. Well, I just took an overlay of world oil consump- 
tion by year and plotted it over that graph and connected the 
peaks, and its really a very striking correlation. 

Dr. Broecker, you don't buy this? 

Mr. Bkokckkh. No; the flaw in your argument is that the C0 2 is 
accumulating, and so you are looking at a cumulative curve, and if 
you look at the actual 

Mr. (iokk. But you're looking at a rate of increase. It goes up in 
any year. 

^ Mr. Broecker. But the amount of change in the production of 
CO.. has been— it has always gone up, except maybe a couple of 
years it leveled off, so if you looked at the production per year it's 
almost constant and you wouldn't be able to see it in that. 

Mr. Gore. But the consumption, I mean, the burning of it per 
year is not constant at all, not constant at all. 

Mr. Broecker. Oh, well, the total production of COj was rising, 
of course, before the Arab boycott in OPEC, by about 4 percent a 
year. Then at that time the rise leveled off, but now if you look at 
the total production, of course the total production was going up 
slowly and then it leveled off. 

Well, I was going to get around to what people think those 
bumps really are. What they think they are is, people that have 
generated the curve — Keeling and his coworkers— think they have 
to do with El Nino events, which I wanted to get in before anyway 
because an El Nino event one of those curious phenomena that 
involves an interaction between the atmosphere and ocean that we 
tenlly don't know dingo abou... 

Mr. Gore. Yes. 

Mr. Broecker. I mean, we know it happens and we know it has 
some regularity, but we really don't know the physics of it. I mean, 
we know something about some parts of the physics but we don't 
know the overall linkage, and it's thought that those El Nino 
events influence the amount of C0 2 that is taken up by the ocean 
or given off by the ocean, so during those events there is a little bit 
of adjustment. The ocean may give a little COi back to the air or 
take up a little more than usual. 

Mr. Gore. Well, my onl> point is that in the effort to resolve the 
uncertainties over the contribution of ocean absorption and the un- 
certainties over the contribution of deforestation, we also ought to 
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pay attention to the contribution of total fossil fuel consumption, 
anyway. 

Mr. Brokckek. One point: You know, one of the things that has 
eased the problem, of course, is that we don't have 4 percent 
growth rate. At 4 percent growth rate you get doubling of CO*, you 
know, in the middle of the next century. We now have, what, 1 per- 
cent growth rate or less and the projections are small, which 
pushes the doubling off 50 or 00 years and buys us a fair amount of 
time. 

Mr. Gork. OK. We could ask a lot more questions of this expert 
panel because you all have got a lot of information we need, but 
the press of time is going to force us to go to the next panel. We 
appreciate your contributions here very much. We appreciate the 
work you're doing. Thank you. 

Our next panel is made up of V". John Hoffman, Director of the 
Strategic Studies Staff at EPA; . Thomas Malone, Chairman of 
the Board of Atmospheric Sciences and Climate for the National » 
Research Council at the. National Academy of Sciences, accompa- 
nied by John S. Perry, Executive Secretary of the Board of Atmos- 
pheric Sciences and Climate; and Rafe Pomerance, president of 
Friends of the Earth, who is accompanied by Anthony Scoville. who 
is well known to us, formerly with the Science and Technology 



We are delighted to have all of you here. We may need to scoot 
an extra chair or two up there. I would like to welcome all of you 
to our hearing and tell you how grateful we are that you have 
spent the time to help us understand this situation a little bit 
better. We will hold questions until all three presenters have made 
their statements. We will begin by saying that, without objection, 
we will put your prepared statements in the record. 

John Hoffman, Director of Strategic Studies at the Environmen- 
tal Protection Agency, we will begin with you. 

STATEMENT OF JOHN HOFFMAN. DIRECTOR, STRATEGIC 
STl'IMES STAFF, l.'.S. ENVIRONMENTAL PROTECTION AGENCY 

Mr. Hoffman. I was unable to prepare an opening statement. 
We didn't have time t' clear it with OMB, so if you have some 
questions that you want to ask 

Mr. (ioRK. What was OMB s problem. 

Mr. Hoffman. Well, we just didn't have time to do it. We got 
the— there was a delay in getting the request from the committee, 
or rather there was loss of the paper in EPA, so we didn't know 
about the invitation until Thursday and that doesn't give adequate 
time to get clearance. 

Mr. Gore. Well, can you — I don't know what the failure of com- 
munication is. The hearing has been scheduled for quite some time, 
and I had thought chat with both EPA and NAS, we had had staff 
discussions going back quite some time, but I won't belabor the 
point. I will just give you the opportunity to present some opening 
remarks if you would care to. 

Mr. Hoffman. Well, if you would like me to I can basically tell 
you what our research focused on. It war really three things. We 
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wanted to look i\l the question of whether we can delay a green- 
house warming- 
Mr. Gork. Could you move the microphone over? 
Mr. Hoffman [continuing]. Whether we can delay a greenhouse 
warming by reducing COo emissions, and what we found after our 
studies was that in the first 60 years in front of us or the next 60 
years, that there were no policies, not even a 300-percent tax on 
fossil fuels worldwide or a coal ban, that would be able to reduce 
the warming significantly. A 300-percent tax, for example, delayed 
a 2 degree Centigrade warming about 5 years, from 2040 to 2045, in 
our studies. 

In the second 60 years after that, from 2040 to 2100 on, we found 
that almost all of the policies could significantly reduce the warm- 
ing, some of them quite substantially, The reasons for this finding, 
which might seem surprising at first, really turned out to be three- 
fold, One is, you have a tremendous amount of energy being con- 
sumed. A lot of the worlds, capital is locked into producing and 
consuming fossil fuels, and even if you have a successful policy it's 
going to take a long time to get the CO2 emissions down. Because 
they accumulate in the atmosphere, CO2 is going to continue to in- 
crease and that is going to add some warming. 

The second reason was that there are these other gases, like 
chlorofluoroearbons 11 and 12, that are used as solvents, refriger- 
ants, methane, nitrous oxides, and a variety of other gases that are 
increasing, not all of which we considered but the four we did con- 
sider contributed about the same amount of warming as CO2, so ob- 
viously a fossil fuel policy is not going to reduce the warming that 
is associated with those. 

Then the third reason we found that these then have a big effect 
was that there is an unrealised warming that is, when. you put C0 2 
into the atmosphere it doesn't immediately raise the temperature 
of the atmosphere the amount that you would expect from the 
NAS predictions. It has to also raise the temperature of the oceans, 
as the previous speakers were talking about, and that delays the 
effect. 

Well, this means that there is warming that we haven't experi- 
enced from the CO z that we put in the atmosphere in the fifties, 
the sixties, and the seventies along with these other trace gases. 
You can't stop something that happened in the past. The size of 
that unrealized warming could be pretty substantial, an<* I can go 
into that later, if you want. 

Anyway, once we realized that we were going to have this large 
global warming, the next question you want to ask is, what's the 
effects? What difference does it make? Who cares? We focused our 
efforts first on sea level rise, in trying to estimate the amount of 
sea level rise that might be associated with these temperature in- 
creases. There are a lot of uncertainties that are involved in this: 
the rate of economic growth, fuel prices, technology, how much 
conservation we have, even the fact that snowfall can fall in the 
polar areas more as it gets warmer. 

We tried to look at all of these uncertainties and we made our 
best estimates of the amount that the sea ievel would rise, and we 
came up with about 1 foot by 2025 and about 3 feet by 2075, which 
is about the same as what the National Academy came up with in 
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their study that was done by Roger Revell. We also looked at high 
and low scenarios, where we looked at the worst and best case situ- 
ations, that is, all optimistic or pessimistic assumptions, and those 
obviously gave us a much wider band of estimates, 

Knowing that the sea level was going to rise, the next question 
that we wanted to focus our research on was, well, wnat can we do 
with this kind of information? What benefit can it have to society? 
Can it save us money? So we did some studies of sea level rise in 
Charleston and Galveston in order to look at those questions. As 
the sea level rises? it is going to erode land. It is going to cause in- 
creased flooding during storms, because it starts off the storm 
waves from a higher level, and it's going to cause salt water to go 
up rivers and into aquifers, into ground water. ^ 

The erosion is going to be a lot more than you would think about 
from inundation. I mean, a foot of sea level rise on the East Coast 
is generally going to lead to a retreat of the shoreline on the order 
of 100 to 200 feet, so you think about it as 1 foot not being very 
much, but when you push it this way it turns out to he a lot. 

Well, we estimattJ what the damages would be in Charleston 
without planning, and the damages came out to be pretty high, - 
They were about $1.2 billion. Thats present value dollars, discount- 
ed. I mean, the dollar in the future we don't count as much as a 
. dollar now. 

We wanted to see, then, well, if you built differently, if you built 
houses in different locations, if you designed the houses differently, 
if you built sea walls earlier or larger, how much could you reduce 
these damages? What we found was that in fact you could reduce 
the damages by about $800 million in Charleston, so you could get 
a significant savings if people would plan and prepare rather than 
reacti g to these changes. The analysis that we did in Galveston 
was pretty much the same, that savings were between $250 and 
$500 million, and we have looked at lots of other projects like 
wastewater treatment facilities or water intake facilities, and we 
find that planning ahead can save in those cases, too. 

We have done the same kind of analysis in the forest industry, 
which is an important industry for the count: y, and there is a 
place where an opportunity exists because C0 2 makes plants grow 
faster, but it will make some trees grow faster than other trees. 
The question is, can the industry pick the trees that will grow fast- 
est and make sure that they are climatically adapted to those 
areas? What we found was that you could make a difference of 
about 25 percent in yield if you could pick the right trees. The Na- 
tional Forest Products Association has gotten interested in this, 
and they are going to have a conference in June to try and help 
the industry assess just what they need to know to be able to deai 
with climate change. 

The biggest difficulty in doing that kind of analysis that really 
leads to the issue of the water supply, there is one thing that the 
foresters have told us, that most of the people that we have been 
doing these analyses with, that wh* re water will be available, what 
its seasonality will be, is the critical issue for them. I mean* the sea 
level rise is actually a i datively small effect, even though it's obvi- 
ously going to be in the tens of billions of dollars. 
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Right now it is impassible to really say anything about thai be- 
cause we are unable to predict hew water supply will change in dif- 
ferent regions cf the country, primarily because we don't under- 
stand the oceans, as the previous speakers were talking about. If — -~ 
you think about the El Nino, *t wasn't caused by C0 2 > but just a : 
small change in the surface temperatures of the ocean changed the ( 
climate system so dramatically. » 

Well, if Dr. Broecker is right and you see changes in the climate 
system altering the circulation and the sea surface temperatures in 
the future?.- maybe in abrunt and unexpected ways, v/e an? not 
going to be able to predict what the— right now we' don't have tho * 
capability to predict those things, and so we can't predict how * 
water availability will change. That makes it much more difficult if 
we' need to build big projects to bring water info ai'eas. to do it, 
that is where you have your basic difficulty in continuing these 
productivity analyses studies. 1 

The question 1 think from the peispective of policymakers that is 
most important is how soon do we get this capability? 1 mean, 
that's a question that really depends on the kind of research we do * 
and the priority that you people and other people place on tlite. 
That is really what is the focus of our research, and we are con- f 
tinuing along those yorts of lines lo try and understand what differ- 
ence it makes in terms of productivity, environmental benefits, and 
so on. 

Mr. Gor:^ OK. Thank you very much. 

Next 1 would like to call on Dr, Thomas F. Malone. chairman of 
the Board of Atmospheric Sciences and Climate at the National Re- 
search Council Qi/et at NAS. We are delighted to have you here, f 
Dr. Malone. 

8TATKMKNT OF E)R. THOMAS F. MALONE, CHAIRMAN. IiOAKi) OF 
ATMOSPHKRiC SCIKNCKS AM) CLIMATE, NATIONAL RKSBARCIf 
COl'NCIL, NATIONAL ACADKMY OK SCIENCES 

Mr. Mac.onk. Thank you, Mr. Chairman. 

When you mentioned grandchildren you struck a sympathetic 
chord. One of the main reasons I am here is because we have S>% 
grandchildren. 

Mr. Gokk. Congratulations. 

Mr. Malonk. Our report is conservative ip its conclusions, and 
will we hope abate some extreme negative speculations. In brief, « 
we estimate that carbon dioxide will most likely double over the 
next century. This doubling will result in an increase in average 
earth temperature between 2 and 8 degrees Fahrenheit, with the 
lower range most likely. The temperature increase will, in turn, • 
affect wa level, growing seasons, local water supplies, and climate 
patterns. 

Despite the potential seriousness of some of these effects, our 
committee found the situation to be one of caution, not panic. We 
recommend expanding monitoring and continued research, but no 
immediate change in energy policy. One reason for this recommen* 
dation is as follows: There are many things we do not understand 
about CO? effects. There a»*e other uncertainties about our future 
use of fossil and synthetic fuels. • . 
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In the committer's own words—and I hope these will stay with 
your committee, Mr. Chairman— "In our judgment, the knowledge 
we can gain in coming years should be more beneficial than a lack 
of action will be damaging. A program of action without a program 
of learning couJd be costly and ineffective." I hope that is im- 
pressed deeply. Watchwords for the immediate future should, in 
our committee's view, be research, monitoring, vigilance, and an 
open mind. 

Now, some of the details of our findings. Among the adverse re- 
sults that have been discussed is a major rise in sea level, about 2 
feet over the next 100 years, due to melting of glaciers and expan- 
sion of sea water. This rate may increase in following centuries. 
This is clearly a serious prospect for low-lying areas of the world 
likt* Florida, Holland, Bangladesh, but defensive measures seem 
* feasible. A 20-foot rise due to breakup of the West Antarctic ice 
sheet would take several hundred years, after its surrounding ice 
shelves had receded. Now to place these changes in context, you 
might recall that the sea level has risen only about 6 inches in the 
last century but oOO feet since the last glacial period about 15,000 
years ago. 

A second potential adverse effect is on agriculture. While predic- 
tions of global warming are probably quite reliable, predictions of 
specific regional climate changes are much less certain. Neverthe- 
less, regional changes will occur and may have serious impacts. Re- 
ports of estimates of the aggregate effect on U.S. agriculture 
through the end of this century indicate that the negative iitfpact 
of changing climate will be largely balanced by the positive effect 
of increased fertilization due to increased COo, With the demon- 
strated ability of the U.S. agricultural complex to adapt to chang- 
ing conditions, yields can be maintained or increased and we pre- 
dict no overall threat to American agriculture over the next few 
decades. 

I would stress, Mr. Chairman, that the real central issue here is 
the rate at which the thing called technology per year ran increase 
productivity compared to the rate of change, so w< a*v not taking a 
big jump of I to 8 degrees. It's the yearly change ti is the critical 
factor, and that is often overlooked in impact studiv ■ ^he most se- 
rious effect would be in the arid regions, and even i*. ur own West 
a slight vanning and a decrease of rainfall would, a it occurs, slow 
stream runofVand could have severe effects. 

Now that is the thrust of our report, all 500 pages in a frighten- 
ing 3 minutes, Mr. Chairman, but I' would mention four of what I 
feel are principal conclusions. The first is that priority attention 
should be given to long-term options that are not based on combus- 
tion of fossil fuels. To be specific, I feel that we should pick up the 
second generation of the pathbreaking study by Wolfe Haefule at 
the International Institute of Applied Systems Analysis, where he 
and his international group thought deeply about how we get from 
here to there, and that's the kind of thing we should be doing. 

Secondly, the evidence at hand does not support steps to change 
current fuel use from fossil fuels at present; and, third, it is possi- 
ble—possible—that steps to control costly climatic changes should 
start with the non-CO; greenhouse gases. We need to understand 
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those better They are looming as increasingly important, and they 
may be more amenable to control than carbon dixoide. 

The fourth conclusion is ihat this is intrinsically an internation- 
al problem and requires an international network of science, scien- 
tists, convergent with these problems. I stress the importance of 
achieving a consensus, if possible, within the international stffehtif- 
ic community before governments start negotiating'how they would 
. cope with this problem, For example, if we were able to develop a . 
photovoltaic method of energy, it could conceivably reduce our 
demand for coal, which would decrease the price of coal, which 
would increase the consumption of coal in other countries, so that 
one country cannot address this problem by itself. 

We have in place, and I will be meeting in 2 weeks in Hangzhou, 
China with a group of scientists, including Chinesp, Russian, Eng- 
lish, Swedish, to discuss the strategy of a world climate research 
program. This is a ioint enterprise of the International Council of 
Scientific Unions, tnp World Meteorological Organization, and the 
United Nations Environmental Program, and one of the topics is 
this question of COa-induced climatic change, and this is a healthy 
trend. I met in August with a group in Villach, Austria, looking at 
the impact. Again, we had representation from these other coun- 
tries. I will come back to the international in my recommendations. 

A few recommendations: Monitoring has loomed large, and I was 
very impressed with Dr. Broecker's comment in his written testi- 
mony about the habitability program of NASA or the geosphere- 
biosphere program that is being advanced. We will have a symposi- 
um in Ottawa in September, bringing together about two dozen sci- 
entists from all over the world to discuss a monitoring program 
which would link together the ocean, the atmosphere, the bio- 
sphere, forests, the land, and the solar-terrestrial domain. This is 
the kind of program that I think would be responsive to the needs 
expressed earlier this morning. 

It is clear to me that the satellite— and again I applaud Dr. 
Broecker's comment— that the importance of developing the poten- 
tial of the earth-looking satellite, which has lagged in comparison 
to astronomical purposes and planetary science purposes, will be a 
very powerful tool for examining the ocean and for examining the 
land and the forest. There are major programs: The World Ocean 
Circulation Experiment, called [WOCE], W-O-C-E; the Tropical 
Ocean Global Atmosphere with the acronym [TOGA], T-O-G-A, ad- 
dresses specifically the type of El Nino thing that has been referred 
to. These are programs just getting underway and they deserve our 
support. 

A second emphasis should be on the non-C0 2 gases. With respect 
to impact studies, it's clear that the sea level problem and agricul- 
tural deserve high priority attention. With respect to emission 
studies, the kind of models that Dr. Nordhaus developed— and I 
particularly commend to your attention that chapter in the Acade- 
my report written by Dr. Nordhaus, which is a pioneering effort to 
develop a sound economic emission type of model, and it is also, I 
believe, supplemented and supported by the work of Edmondson 
and Reilly at Oak Ridge—these are efforts that should be expand- 
ed. We need a larger community, rather than the three or four 
people that are addressing this now. 
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The kind of policy studies which have been referred to by Mr. 
Hoffman—and 1 am pleased that they started this— I would com- 
mend to you the chapter in that report by Mr. Schelling, Professor 
Schelling, Tom Schelling of Harvard, which analyzes very thought- 
fully some of the policy implications, 

Finally, I would say two things which are, in part, personal ob- 
servations from what I have heard this morning. I think that DOE 
might well institute the kind of peer review program that the Na- 
tional Science Foundation uses to ensure the highest quality in the 
research it supports, and in conclusion I would plead for a balance 
among the topics emissions, carbon cycle, climatic change, environ- 
ment impact, social, economic, and policy considerations. 

Thank you, Mr. Chairman. 

Mr. Gore. Thank you very much. 

We will hold off on questions, I would like to call now on Rafe 
Pomerance, president of Friends of the Earth, based here in Wash- 
ington. It's good to have you here. 

STATEMENT OF RAFE POMERANCE, PRESIDENT, FRIENDS OF 
THE EARTH, ACCOMPANIED BY ANTHONY E. SCOVILLE 

Mr. Pomerance. Thank you, Mr. Chairman. 

First, let me say a word of congratulations to you. I think that 
this topic is by far the most important environmental issue that 
there is. I think it has received too little consideration in the Con- 
gress, and I think that your leadership is probably the most impor- 
tant thing in the Congress that has come along on this issue. I 
have been working on this issue for 7 years, since 1977, and I think 
'hat Congress, as an institution, sorely needs to pay much more at- 
tention to this problem. 

Mr. Gore. Well, thank you very muih. I want to make sure the 
reporter got all that. [Laughter.] 

Thank you. Go ahead. 

Mr. Pomerance. I just have to avoid saying "Senator." [Laugh- 
ter.] 

Mr. Gore. We'll have equal time, equal time. 

Mr. Pomerance. Just a word about my own work on this. I 
worked on the Clean Air Act for many years in the midseventies, 
and after that did a good deal of reading on the C0 2 problem, and 
was named a member of the COa Advisory Committee of the De- 
partment of Energy in the late seventies. The committee stopped 
meeting in the eighties. It was never disbanded, to my knowledge, 
but I always found the discussions were— I think I was the only 
person with a bachelor's degree in that forum— it was rather in- 
timidating but very fascinating, because we debated and discussed 
all the most important issues, or at least the ones that people 
thought of at the time. I think it was unfortunate, but 

Mr. Gore. Are you saying the others were high school dropouts? 
[Laughter.] 

Mr. Pomerance. I figured that was coming. 

Mr. Gore. Go ahead. 

Mr. Pomerance. Let me say a word, just in contrast to most of 
what has been said this morning. I think it is time to act. In fact, 
it's really too late to avoid, or it appears, initial warming. We know 




108 



what to do. Thi» evidence is in. The problem is as serious as exists. 
People talk about not leaving this to their grandchildren. I'm con- 
cerned about leaving this to my children. 

When we were working on the problem in the early seventies, 
you can see there has been a big bump just since the late seventies 
until now. The longer we wait, the more trouble we're going to be 
in, and this morning's testimony I will say did not leave me any 
easier with the notion that the oceans all of a si>v. Jen might change 
tlieir takeup of CO*, I believe this is a legacy we cannot leave to 
future generations. We have a fairly benign climate globally, and I 
don't think we should put it at risk. 

. The research budget on this issue is far too little. DOE has $13 
million, and we know that $13 million is not very much money in 
terms of what Federal research dollars are pushed around. I feel 
that anything that the scientific community requests, just about, 
should be granted. I am not a scientist; I have no self-interest in 
that, but it is ridiculous to be spending such small sums of money 
on one of the most formidable problems that civilization faces. 

A comment on the scientific 'community: Having listened to 
many of these hearings over the years, my conclusion is that we 
will never or virtually never hear from the scientific community in 
te»ms of telling you Members of Congress to act. You are the ones 
who are going to have to make that decision. Don't rely on the sci- 
entists. It's not their job. They're n^t going to tell you. They're 
going to say, "It's not my arena." 

The wait-and-see point of view as elaborated by the NAS in my 
mind is absolutely wrong. It's too cautious. The EPA, on the other 
hand, whose report I thought was a major breakthrough in terms 
of addressing all the policy issues at once, I thought missed the 
mark because they basically implied there was nothing to do, it 
was too late. The NAS said we can wait and see. Well, if you take 
'the testimony you have heard this morning that people, even Carl 
Sagan and Wally Broecker, are saying that 1 degree is big enough 
to make major changes, we may already in fact be committed to 1 
degree, so why wait? 

Those are a few observations. I would just like to turn to our rec- 
ommendations here and read those, This is the conclusion of our 
views, that some climatic change from fossil energy use, industrial 
pollution, and agricultural practices will occur. We urge prompt ef- 
forts to plan for adaption to these changes in low-lying areas. We 
support immediate funding for a large-scale global research pro- 
gram on ocean circulation. We understand that some consideration 
is being given to a joint EPA/NSF/NASA effort under the latter's 
proposed global habitability project, utilizing the space shuttle. As 
demonstrated by the recent El Nino effects, this research would be 
of great practical importance, far beyond the analysis of CO2- 
caused climate warming. 

We urge that energy efficiency and energy conservation become 
the top goal of U.S. domestic and foreign energy policies, in order 
to prevent the severe climatic changes that will occur if average 
world temperatures rise 4 degrees above current levels. Energy 
companies, and especially electric utilities, should be mandated to 
invest in energy conservation first and conventional energy produc- 
tion only second when applying for certificates of public need. 
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^ In this connection, we recommend abolishing the Synthetic Fuels 
Corporation and ^'appropriating funds to speed implementation of 
energy conservation and efficiency at the Federal, State, and local 
levels. Greatly increased research and development funds should be 
allocated to solar and renewable energy, including biomass. 

Policies to ameliorate world climate change also facilitate solu- 
tions to other environmental problems, such as acid rain, while 
providing economically efficient energy investments and promoting 
energy security. Especially we recommend consolidation of rt 
search and development in this area to bring about more rapid 
policy change. We also urge immediate and large increases in re- 
search to study trace greenhouse gases other than CO,.. 

U.S. support for cohservation and renewable energy sources will 
stimulate greater acceptance of these resources by developing na- 
tions just when their energy use is expected to begin making a seri- 
ous contribution to world COa and trace greenhouse gas emissions. 
We urge that the recommitment of CO2 climate change and other 
geochemical cycling efforts be incorporated as criteria for U.S. sup- 
port of international development projects as well as our interna- 
tional science and technology policies. 

We must act now to forestall serious climatic change beyond 
what we are already committed to. The United States bears a spe- 
cial responsibility as the world's largest user of fossil energy and 
the Nation with the world's second largest coal reserves. We should 
not continue man's experiment with world climate until we have a 
far better understanding of what the results will be. Today we do 
not know the consequences. Once we do, they will be irreversible 
for centuries. Furthermore, policies to limit climate change make 
the best dollars and sense. 

Thank you. 

(The prepared statement of Mr. Pomerance follows:] 
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Mr. Chairman, Friends of the Earth is an international 
environmental organization with 30,000 members in the United. 
States and affiliates in 22 nations. .We commend you for holding 
this hearing on carbon dioxide, the greenhouse effect, and world 
climate change. Save for nuclear war, no environmental risk is 
greater than climate change caused by burning fossil fuels, by 
industrial pollutants, by deforestation, and by agricultural 
exploitation propelled by world population and economic 
pressure. 

Two years ago, In March 1982, Friends of the Earth testified 
to these Subcommittees that your "hearing comes at a criiical 
time when evidence is accumulating that climate change could be 
one of the most serious and irreversible effects of accelerating 
fossil energy use. " Since that time, Mr. Chairman, the 
Environmental Protection Agency (EPA), and the National Academy 
of Sciences (NAS } released independent studies on the "greenhouse 
effect" — the warming of the atmosphere caused by the release of 
carbon dioxide (C02) from burning coal, oil, and natural gas, as 
well as tropical deforestation, and industrial emissions of other 
trace "greenhouse" gases, EPA foresees a rise in atmospheric 
temperatures as early as the 1990' s reaching major proportions 
early in the next century. The NAS puts the date for significant 
climate change in the mid-twenty-fir st century. 

This atmospheric warming could easily bring us a climata 
averaging 4°C warmer than today but the warming would be three to 
five times greater in polar regions. These increasing average 
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temperatures together with reduced temperature differences 
between the equator and arctic regions will brirg large shifts in 
rainfall patterns. Paleocliraate evidence as well as the 1930*6 
dustbowl indicate that the American wheat and corn belt, which 
supply most of the world's grain exports, might experience 
devastating drought for a long time, up to 1000 years. Thermal 
expansion of ocean water, similar to the rise of mercury in a v 
thermometer ^ has already been observed and could cause serious 
erosion of beaches and coastal land if atmospheric warming 
continues as expected. These effects would be amplified over a 
longer time by melting of Arctic Ocean ice as well as alpine 
glaciers, and the Greenland and West Antarctic ice sheets. 

In an overcrowded, overarmed world, the disruption of food 
supplies, or the loss of crop and coastal lands could well lead 
to widespread wars including the strong possibility of accidental 
superpower conflict when climate change reinforces other 
pressures on natural resources. In the final analysis the latter 
risk is probably the greatest danger of world climate change. 
While it may be possible, though probably not desirable, to adapt 
to some cliimate change, history suggests that such transitions 
are often accompanied by conflict— a global disascer in the 
nuclear era if superpowers were involved as would he highly 
probable. 

When it comes to recommendations, the two reports draw 
opposite conclusions. The Environmental Protection Agency says 
it is too late to stop global warming and that the best policy is 
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to adapt. The National Academy of Sciences concludes that we do 
not yet know what to do* Zt recommends waiting while further 
studies are conducted. The truth is neither. We must prepare 
for some climate change while also acting NOW to prevent dractic 
climate modification which will result if current energy, 
industrial and agricultural policies continue. 

The NAS's recommendation is indeed surprising. One of the 
pioneering experts, who warned about the greenhouse effect aB 
long ago as 1957 and who was Chairman of the Academy's panel 
which produced its 1977 report, £xie&9¥ And £JJju££, Roger Revelle 
has testified to this committee that, "in adding C02 to the 
atmosphere, mankind is unintentionally conducting a great * 
experiment" involving the entire world — all people, all life. 

Because of thereat storage of the oceans, the effects of 
carbon dioxide and other greenhouse gases only appear after a 
long delay, Once a detectable warming occurs, no measure can 
stop serious climate disruptions. Even now the latest evidence 
indicates that we are locked into a 1*C global warming if we 
never burned another gallon of oil or another ton of coal. That 
rise alone will be warmer than anytime in the last 1000 years. 
Further, given the 50 year period historically required to change 
a nations' s primary fuel, it is quite possible in pra.ctice that 
we will not stop the global warming before it reaches 2°C if 
other trace greenhouse gases, as well as C02, continue to 
increase. A 2* C warming would raise the average world 
temperature to the highest it has been in 125,000 years. 
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Continuation of present patterns of fossil fuel consumption, 

especially if coal replaces oil, have been projected by 

scientists to lead to a global temperature increase of 4*C or 

more. m 

Surely no responsible scientist would conduct an experiment 
with such enormous consequences without being reasonably certain # 
of the outcome* Yet, although the National Academy acknowledges 
great uncertainties in this "unintentional experiment", it fails 
to recommend cancelling the experiment until we have more . . 

information. 

We fihsmld conclude just the opposite. While there are many 
uncertainties particularly related to ocean circulation, the 
general scientific evidence on the strength of the greenhouse 
effect has boen verified to within 2*C for three planetsi Venus, 
Mars, and Earth. There is no doubt about the Greenhouse Effect; 
there is no doubt that atmospheric C02 in increasing; the only 
question is what will be the precise effects of the final 2*C 
temperature change* In view of the conflicting pressures of the 
political arena, that final increment o<: scientific certainty 
will not suddenly rally the world's det,*sion-makers. 

The burden of proof of safety fall** on those who propose 
continuing present energy and agricultural policies until "all 
the evidence is in". By then it will be *-oo late to cancel the 
experiment. We must act how to reduce the use of fossil fuels ¥ 
until we know what the results will be, not vice vprsa . Of 
course, th^t policy would serve many other ends such as reducing 
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acid rain, increasing energy security! and promoting the 
development of energy conservation, .as well as 6olar and 
renewable energy for the future™ when oil i6 scarce. 



Contrary to EPA' 8 initial assessment, there is hope, we can 
at least avoid a major greenhouse effect even if some climatic 
change is in the works. Catastrophic warming is neither an act 
of God, nor man's fate because determinate economic models tell 
us so, Rather, it is a direct result of energy, population, ± 
agricultural, and industrial policies, we need to implement 
energy and population policies that will reduce world fossil fuel 
consumption. And we must stop the pollution produced by 
manufacturing and industrial agriculture, which is the source of 
other trace greenhouse gases, such as freons, methane, nitrous 
•>xide, and ozone. Some of these gases are already known to cause 
over $2 billion in crop losses annually and could themselves 
drive a substantial climate warming even if we drastica} 1 / reduce 
fossil energy use. Much more research must be funded to discover 
the sources and potential danger of these trace gas emissions. 

In its projections of future fuel needs, EPA assumes that an 
extra dollar of income on industrial production will create a 
unit of energy demand in a lockstep. For example, the study 
projects that through the growth of per capita GNP, Americans 
will consume 325% as much food, clothing, housing, motor 
vehicles, and similar products in 2050 as today. That projection 
is more a Dow-Jones forecast of health spa stocks than an 
accurate measure of our nation's girth I it overlooks the effect 
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of consumer saturation (do we really need three cars per 
person?), reduced working hours, and structural shifts from a 
predominantly industrial to an information-intensive economy. 



EPA also assumes the Western style development of the Third 
World. For example, Africa would have a per capita annual income 



limitations make such growth extremely unlikely. Clearly, while 
economies will grow, Increases in the standard of living must 
come primarily in the quality, not quantity, of life— for many 
reasons, of which climatic change, as well as the depletion of 
soil and other natural resources are but partial constraints. 

For the early twenty-first century, at which time we could 
now significantly affect energy supply and demand over the whole 
economy, there are a wealth of new money saving high efficiency 
technologies using a fraction of the energy we consume today. 
Many recent studies, including the Solar Energy Research 
'nstitute's (SERI) "Sawhill" study have found that we can 
substantially reduce energy consumption even while the economy 
keeps growing. 

For example, in the U.S., Canada, and Europe, contractors are 
now building houses that consume only 5-10% of the average 
heating energy used today. In Canada there are "zero-energy" 
office buildings which live off the he*»t produced by their 
lighting, by heat produced by office equipment, and the body heat 
of their occupants. Car manufacturers have demonstrated 80-100 
mile ,%< *r gallon versions of existing subcompacts. At 80 mpg, 
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during their lifetime, these cars would save 5,300 gallons of 
gasoline and approximately $6,600 against the typical car on the 
road today which averages 15.3 miles per gallon* That represents 
an 80% reduction in C02 emissions and a corresponding increase in 
energy efficiency* For all classes of vehicles, conversion t 
high energy efficiency would bring major savings to consumers. 

Similar progress has been made in the development of 
renewable energy. Here the U.S. is in a leading position to open 
potential worldwide markets for its industry. 

Together, high efficiency and renewable energy offer the 
opportunity to reduce fossil ~ael consumption to a fraction of 
today's level. The possibilities have been set forth in detail 
by my .colleagues, Amory and Hunter Lovins, Florentin Krause, and 
Wilfred Bach in their report commissioned by the West German 
government, and published in the U.S. as Energ y, as 

well as other publications of the I nternational fia£t Encxgy 
PtOjecl. These two strategies could delay further atmospheric 
changes enough to safely conduct a hundred years of research on 
the greenhouse effect while we develop the political and economic 
institutions to responsibly exercise climatic stewardship in the 
twenty-ficst century — sixteen years from now. In that case, 
climate change would be largely confined to the limited warming 
that will occur if all C02 emissions ceased tommorrow, 

But the new generation of energy technologies will only be in 
place on time if public and financial policies mobilize the 
necessary research and capital so that consumers will use them. 
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We need to motivate appliance, automobile, and equipment 
rtanufacturecs to produce high efficiency products beginning now. 
Consumers will only pay the higher capital costs if thoy 
understand their economic interest in doing so and if it ia easy 
to purchase, pay and service these technological improvements. 
One modoi is that ot electrical utilities which promote and 
finance money-saving energy conservation. But even California, 
which has been a leader, has a long way to go. For example, it 
would pay California electrical utilities to give a. free high 
efficiency refrigerator to every family in the state while saving 
the need to constrijct 1700 megawatts of generating capacity. In 
the Midwest a similar strategy could help to solve the acid rain 
problem by reducing the need for stack scrubbers while also 
limiting C02 emissions. 

For tY\ most part, Implementation of this climate-saving 
strategy can rely on market competition. Internationally, as 
Harvard Business School's energy experts, Robert Stobaugh and 
Daniel yergin nave pointed out, the United States exercises a 
strong mar;* fc demand pull once the momentum for conservation and 
renewable energy is established. Such leadership is all the more 
important since developing nations' energy consumption is now 
strongly shap*.^ *y the products and technologies provided by 
industrial nations. 

On the average over the next five decades, inuustrial nations 
could have the same standard of living while using about 20% of 
the energy per person that we use today. And we could save 
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money. As noted earlier, investing in these improvements is far 
cheaper than building new power stations and synthetic fuel 
plants. We should support redirecting money appropriated for the 
Synfuels pork barrel to local, regional and Federal programs for 
energy conservation and renewable sources* 

Unfortunately, the Reagan administration has. dismantled or 
attacked every Federal energy program in the area of solar and 
conservation. For FY 1985, the request for research on C02 
stands at $13 million or $3 million below the $16 million 
requested by President Reagan in his initial budget for FY 1S82. 
Federal energy policies must be reversed* If we are incapable of 
doing so now when it would pay to do so and would provide greater 
long term energy security, can we hope to mobilize the discipline 
and sacrifice demanded without conflict in a world inundated by 
unprecedented climatic changes? 

In sum, Mr. Chairman, Friends of the Earth concludes: 

1. That some climatic change from fossil energy use, 
industrial pollution, ani agricultural practices will 
occur. He urge prompt efforts to plan for adaptation to 
those changes in low lying states such as Florida and low 
lying countries such as Bangladesh. 

2. We support immediate funding for a large-scale global 
research program on ocean circulation. We understand that 
some consideration is being given to a joint EPA, NSF, NASA 
effort under the latter' s proposed global habitability 
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project utilizing th* space shuttle. As demonstrated by 
recent "El Nino" effects, this research would be of great 
.practical importance far beyond the analysis of C02-caused 
climate warning* 

3* We urge that energy conservation become the top goal of 
U.S. domestic and foreign energy policies in order to 
prevent the severe climate chanqes which will occur if 
average world temperatures rise 4* C above current levels. 
Energy companies, and especially electrical utilities, 
should be mandated to invest in energy conservation first 
and conventional energy production only second when 
applying for certificates of public need. In this 
connection we recommend reappropriating funds for the 
Synthetic Fuels Corporation to speed implementation of 
energy conservation at the Federal, state and local 
levels* Greatly increased research and development funds 
should be allocated to solar and renewable energy 
resources, including bioma6s. 

4. Policies to ameliorate world climate change also facilitate 
solutions to other environmental problems such as acid 
rain, while providing economically efficient energy 
investments and promoting energy security. Especially we 
recommend consolidation of all research and development 
related to environmental problems arising from man's 
influence a global energy and geochemical cycles. We also 
urge immediate and large increases in research to study 
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traco greenhouse gases other than (X^2* 
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5. u.s. support for energy conservation an<3 renewable energy. 
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sources will stimulate greater acceptance of these 
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resources by developing nations just, when ttieir energy use 



is expected to begin making a serious contribution to world 
C02 and trape greenhouse gas emissions. We urge that 



cycling effects be incorporated as criteria for the U*S. 
support of international development projects as well ae, 
our international science and technology policies* 

6, We must act now to forestall serious climatic change beyond 
what we are already committed to. The United States bears 
a special responsibility as the world's largest user of 
fossil energy and as the nation with the world's second 
largest coal reserves* We should £QX continue man's 
experiment with world climate until we have a far better 
understanding of what the results will be* Today we do not 
know the consequences. Once we do, they will be 
irreversible for several centuries. Furthermore, policies 
to limit climate change make the best dollars and sense* 

Thank you, Mr. Chairman. 

&£. Hate pom*? ranee is President of Friends of the Earth and a 
member of the Department of Energy's Advisory Board on C02* The 
Board has not been convened in three years* 



** In preparation of this testimony Mr. Pomerance was assisted by 
Dr. Florentin Krause and Anthony Ellsworth Scoville. 

DC ElPC&ntiH KfJULSft is co-director of the International 
Project tot Soft Energy Paths of Friends of the Earth and a 
co-author of L£AS£-L&JiL £jX£X9¥i S olving the C02 Problem - 

AotliODY Ellsworth SgQyJLUfl was a Science Consultant to the 
U.S. House of Representatives Committee on Science and Technology 
from 1977-1981. Ho is currently writing a book for Friends of the 
Earth about mail's impact on climate and its relationship to 
industrial innovation policy* 




change and other geochemical 
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Mr. Pomkkanck. I would ask that Mr. Scoville, my associate, be 
given a minute to talk about one important—if you would grant it. 
Mr. Gore. Sure. Go ahead. 
Mr. Scoville. Thank you, Mr. Chairman. 

On page 3 of our testimony we make the comment that we 
appear to be locked into a 1 degree Centigrade global warming, 
even if we never burned another gallon of oil or another ton of 
coal. That's a fairly controversial statement, and for the benefit of 
the committee I would just like to justify where that is coming. 

It is based on a discussion I had yesterday with Dr. James 
Hansen of the Goddard Institute for Space Studies in New York, 
who is one of the pioneering researchers in this area— 

Mr. Gore. He testified before an earlier hearing we had on this. 

Mr. Scoville. Anyhow, last year he gave a paper to the Ewing 
Symposium at the Lamont-Doherty Geological Institute, and it is 
going to be puhlished this April by the American Geophysical 
Union. Now what he says is that his work essentially predicts a 
substantially larger climate change for a doubling of CO2 than is 
predicted or expected at least by the McCracken paper in the Na- 
tional Academy of Science report, and is also cited by the Depart- 
ment of Energy testimony which will be presented shortly— but I 
have seen the written text hero. 

When I asked him for an explanation of this, what he said is 
that the critical difference is that the National Academy study as- 
sumes that the thermal response time of the ocean to a CO2 change 
is, in effect, a physical constant of 15 years. In fact, what he told 
me yesterday is that there is an interrelationship between the sen- 
sitivity of the atmosphere to a CO2 rise and to the length of the 
thermal response of the oceans. What this basically says is that the 
more sensitive the atmosphere is to a climate change, to a rise in 
CO:, the longer it will take for that observable temperature to ac- 
tually turn up in our records. 

What Dr. Hansen's work appears to suggest is that there may be 
a serious technical flaw— it's not an error, because it's just a ques- 
tion not yet fully understood— .n the NAS's calculations and in cor- 
responding Department of Energy expectations for the average cli- 
mate temperature rise of between 1.5 and 3 degrees Centigrade, as 
given in the DOE testimony. So what Dr. Hansen says is that, 
based upon his latest paper which I will be glad to supply to the 
committee as soon as I receive it from him, that we are essential- 
ly—if we include the non-COa trace greenhouse gases together with 
the CO2 buildup that has already occurred and we match that with 
the most recent estimates of the lowered preindustrial level of 
C\) ? — that we appear to have already essentially committed our- 
selves to a climate change of 1 degree Centigrade, but only a very 
small fraction Of that has been-observed today. 

Anyhow, as I say, Dr. Hansen did say that he would be glad if 1 
wanted to quote my conversation with him yesterday, and I would 
be glad to make a copy of the paper available to you as soon as it 
arrives. 

[Material follows:] 
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Abetreet. Wo atudy elliaala aanalllvlly md 
feedback proeataaa In three indepcndtnt «ayai 
(1) by ualng a three dimonolonal (3-D) global' cli- 
mate modal for experlmente In which aolar Irre- 
dlanei S e It Incrttted I pareant or CO* la 
doubled, (I) by ualng Uia> CMMA» climate boun- 
dary condition! to anaJyaa the contribution! of 
dlffarant physical proceeeee to tha cooling of tha 
last lea aga OIK ycara rgo), and (I) by ualng 
at Una tad ohangaa In globe 1 temperature and tha 
abundanr:a of atmoophorlo graanhouaa gaan to 
daduea an tmplrlctl ellMta ecntltlvlty for Via 
parlod 1IS0-III0. 

Our 3-D global all met a modal ylalda a warming 
of -4'C for althar a t pareant lncrtttt of S* er 
doublad COj. Thla Indieataa a net feedback fee* 
lor of f ■ 3-4, beoauae either of thcee forelnge 
would cauae tha eerth f e eurfaca temperature to 
warn i.l-i.3 a C to ret tort radlitive balance with 
tptot. If other faetore remained unchanged* 
Principal poeltlve feedback proceeeee In the 
model are ehangee In etmoepharlc water vapor, 
clouda tnd enow/ice cover • roedbook fee tort 
celculeted for theee proceeeee, with etmoopherlo 
dynomicel feedbecke lnf.leltly inoor port ted , are 
reeptctlvely f WiliP vtpoP ~ 1.1, f cloudt ~ i.| 
end ftnow/iec - the letter mainly oeuttd 

by eee ice onangeo • A number of. potential feed- 
becke i euch aa I tnd Ice oover, vegetation cover 
arid oceen t.eet Irtnaport were held fixed In theee 
txparimante. 

We calculate land Ice, eea Ice end vegetetlon 
feedbecke for the ltK climate to be fi^ | ea - 
1.3-1.3, f ttB | ct - 1.3, and fwtcatttion " 
1.05-1.1 fron their affect on tha radiaHon budget 
et tha top of tha atmoapftara. Thla aet lee feed- 
beck at 13K la coniletent with the smaller 
'enow /ice - I.I In the S e and CO| experlaiente, 



which applied to e warmer aarth with lata aea 
loe. We alto obtain an emplrieel eatlmete of f • 
1-4 for the ftoi feedback proceeeee (weter 
vapor, eloude, aea ice) operating on 10-100 year 
time eeelee by comparing the cooling due to alow 
or opacified ohengei (land loe, COj, vegetation) 
to the total cooling at UK. 

The tempereture ino r eat e btllevK to have 
occurred In the pact 130 ye art (epptw^mettly 
0.l B C) it alao found to imply a climate eeneltlvlly 
Of 3.3-3 a C for doubled COj (f a 1-4), If (1) the 
tempereture inoreeee le due to the added 
greenhouee gaeee, (1) the 1110 CO3 abundance 
wee tTOt IS ppm, and <3) the neat perturbation la 
mixed like s pettivt tracer In the ocean with ver- 
tical mixing coefficient k - 1 on> a**. 

Theee onelyeoo indteete that f le eubotantially 
greater than unity on all time eeelee. Our beet 
eettmate for the current climate due to proceeeee 
operating on the 10-100 year time eeale le f a 
1-4, oorrooponding to e climate eeneltlvlly of 
3.l-S a C for doubted COf* The phyalcel proceaa 
contributing the greeteet uncertainty to f on thla 
time eeale eppeare to be the cloud foedbeck. 

We show that the oeaan'e thermal relaxation 
time depende etrongly on f. The e-foldlng time 
con t tan l for reapenee of the leoleted ocean mixed 
layer la about 13 yeere, for the eetlmated value 
of f. Thla time it eufflclently long to allow 
eubetantiaJ heat exohinge between the mixed layer 
and deeper It y era. For f ■ 3-4 the reaponee time 
of the eurfaca temperature to a heating pertur- 
bation ia of order 100 yeere, if the perturbation 
la aufflcler.tly email that it doee not alter the 
rate of heat exchange with the deeper ocean. 

The climate eeneltlvlly we have inferred le 
lerger than that titled in the Carbon Dioxide 
Aeeeeement Comxlttee report (CDAC. 1113). 



♦To appaar In Ciloata grocMa ta a ndCUaate StntUlvlty, (Mau rica Cvlng SerUt* 5. tdltora J.E. Hanttn 
and T. Takahashi), Aaartcan Ctophyelcal Union. Waahington. £c, 168 pp.. AprllT 1984 
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Their reeult la based ort the empirical tem- 
perature Increeee In the past 410 yeare, but their 
analysis did not account for the dependence of 
the_ oceen_ response ti me on d"* ats sensitivity. 
Their choice* Vf""s fixed 15 yeer~ response time 
bused their remit to low aenaitlvlUe*, 

We infer that, becauee of recent Inoreeeee in 
atmoepherio C0 2 4nd treoe geaea, there le e 
large, repidly growing gep between current cli- 
mete end the equilibrium climate for current 
atmoepherlc compoeltlon. Baaed on the cllmete 
eenettivity we neve eettmated, the amount of 
greenhouse gases fcreeent ljf In the _ e tmoaphc r e Mill 
cause an eventuel global mean warming of about 
\ 9 C, making the global tamperelure at least com' 
pereble to thet of the Afti thermal , the warmest 
period In the pest 100,000 veers, Projection of 
future cllmete . trenda on the 10-100 year time 
scale depends cruclslly upon Improved under- 
a tending of oceen dynemica, particulerly upon how 
ocean mixing will reapond to climate change at the 
oceen eurfece. 

Introduction 

■ Over a sufficient length of time, dlacuaaed 
below, thermal radiation from the eerth muat 
balance absorbed solar radiation. Thla energy 
balance requirement definee the effective 
radiating tempereture of the eerth, T e , from 

.R*<1 - A)S 0 » *.R2oT e 4 



T e * is^l - A>/4ol w4 s <»/o) lM 



(2) 



where K is the earth radium. A the earth albeho, 
8 0 the solar lr radiance, e the meen flux of 
abeorbed aolar radiation per unll area and o the 
Stefen-Hollxmenn conatant. Since A * 0.1 and 
$ U6? w m"2, i - )39 N nT* and thla require- 
ment of energy balance- yielda T 9 - 255K. The 
effective redleting tempereture la also the phyel- 
cal temperature at an appropriately defined meen 
level of emission to apace. In the eerlh e 
atmosphere this mean level of emiaaion to apece 
is el altitude H - fl Km. Since the mean tro- 
pospherlc temperature gradient is -5.5*C Km**, 
tne surface tempereture la T - 288K, -33K warmer 
man 

tl is apparent from (2) that for changes of 
solar irradiance 

dT» i dS 0 



4 S Q 



1 da 
1 a 



(3) 



lnua if S 0 mcreeiea by e small percentage i, 
increases by &M. For example. « 2 percent 
cnangv in solar tr radiance would change T t by 
about 0.5 percent, or 1.2-1.3*C. If the atmo- 
spheric temperature structure and all other fac- 
tors remained fued, the surface temperature 
wnuhl inrreaie by the same amount aa T e . Of 



course ail lectori are not fixed, and we there- 
fore define the net feedback factor, f. by 



AT 



eq 



• f aT q 



<4> 



whe 
mean 



re &T»q is the equilibrium change o' global 
n eurfece air tempereture and aT 0 la the 
change of surface tempereture that would be 
required to reatore radiative equilibrium If no 
feedbacka occurred, 

We uee proceduree and terminology of feedback 
studies In tlectronice (Bode, 1945) to help ane- 
lyie the contributlone of different feedback pro- 
cesses, We define the eyetem gain aa the ratio 
of the net feedbeck portion of the tempereture 
change to the total temperature change 

<5> 



g * fee dbacks 



AT 



eq 



Since 



AT eq = aTo ♦ ATfeedbacke. 



(8> 



It followa that the relation between the feedbeck 
feotor and gain la 



In general a number of phyelcel processea 
nontrlbuta to f, and It la common to associate a 
Redback factor fj with a given proceas 1, where 
f t la the feedbeck factor which would exist If all 
other feedbacka were inoperetive. if it la 
assumed thet the feedbecke ere Independent, feed- 
beck contributlone to the tempereture chenge can 
be eeparated Into portions identifiable with indi- 
vidual feedbacka. 



with 



and 



ATfiedbecka ° Z^i* 
I 



AT 



•q 



(8) 



<8) 



(10) 



It follows that two feedbeck gaina combine 
linearly aa 

g ■ SI ♦ 12 • 
but the feedbeck factors combine as 

r * _ . . <12) 

f, ♦ rY -"kvl 



o 

ERIC 



128 



125 



Thue even whe ry\t eedbeck proceisee ere linear 
■nd independent , the feedbeck fectore in not 
multipltceti ve. Fop exemple, ■ feedbeck proceee 
with gein gj operating by Itself would ceuee 

■ SO percent Increese in 6T a q compared to the no 
feedbsck radiative reeponee, I.e., fj a 1,5. if ■ 
eecond feedback process o r the ssme etrength li 
eleo operetlng. the net feedback ii f * 3 (not 
2,25), One impllcetion ii thet. If strong posit. vi 
feedbick exists, e moderete additional poeitive 
feedbick may ceuee e large increbee In the net 
feedback factor and thue In clfmata eensltlvlty, 

> The feedbeck factor f providae an intuitive 
quantification of the atrangth of feedbecke and a 
convenient way to describe tha affect of feed- 
backs on the transient climate reeponee. Tha 
gain g allows clear comparlaon of the contribu- 
tions of different mechanlsma to total climate 
change. Tha above formallam relataa f and g and 
provides a framework for analysing feedback 
Interactions and climate eeneltivlty* 

A number of physical mechanisms hava been 
Identified as causing algnificant climate feedback 
(Kellogg and Schneider, 19?*), Aa exemplee, wa 
mention two of these mechaniama here* Water 
vapor feedback arliea from the ability of tha 
atmosphere to hold mora water vapor aa tarn* 
pereture increasaa. The added water vapor 
incressee the Infrared opacity of the atmosphere, 
raising the mean level of infrared amlsaion to 
apace to greater altitude, where It la colder* 
Heceuse the planetary radiation to apace temporar- 
ily does not balance abeorbed aolar energy, the 
planet must warm to raatora energy balance i thue 
f w > I and g w > 0, a condition daacrlbad aa a 
positive feedbeck. Ice /enow feedback ie alao 
positive; It operates by increaaing the amount of 
solar energy absorbed by tha planet aa ica melte. 

Feedback analyses will be moat uaeful if tha 
feedback fectors are Independent to firet order 
of the nature of the ndiativa forcing (at tha top 
of the atmosphere). The almilar modal reeponeee 
we obtain In our S 0 and CO] experlmente tend to 
corroborete this possibility, although there era 
some significant differencea in tha faadbacka for 
solar and CO] forclnga. We expect tha atrangth 
of feedbecks to have soma dependence on tha Ini- 
tial climate state and thue on the magnitude of tha 
climate firrlng; for example, tha ice/anow albedo 
feedback is expected to change with climate aa 
the cryospherlc region growe or shrlnka, 

We examine feedback procesaea quantitatively 
in the following sectiona by meana of J~D climate 
model simulations and analyaia of condltiona 
J -1 -J ring the last Ice age (UK yeara ago). The 3-0 
nxperiments Include doubling CO? an<i increasing 
So by 2 percent, forcinga o* rough. v equal 
magnitude which have also *,een employed uy 
Mnnabe and wethereld (1975* and Wetneri td and 
Unmbe (19?S). 18K stirjlatlona wit', a 3-0 
general circulation model have prev'ous y been 
p«*rf.irme<1 by willmms et al . (1974). Gate i < 1976) 
And Mannhe and Hahn (1977). 



Thrae-Dimensfonai CUmata Model 

The global climate model we employ ia 
described And Ita abilitiea and limitations for 
aimulating today 'a climate ara documented as 
model ii (Hanaan at ai, , 1113b, hereafter 
referred to aa paper 1), Wa nota here only thet 
the modal aolvea the almultaneoue equetione for 
conservation of energy, momentum, mass and 
water and the equation of atate on a coeree grid 
with horizontal reeoJution I* latitude by 10* 
longitude and with 9 etmoephrrlc ieyers. The 
radiation includee the redletively algnificant 
atmoepherlc geeee, aeroeole and cloud particlee. 
Cloud cover and height ara computed. The diur- 
nal and aeeaonel cycles are Jncludsd. — The gro u nd' 
hydrology and eurfece albedo depend upon the 
local vegetation. Snow depth Is computed and 
enow albedo includee effecte of enow aga and 
masking by vegetation. 

Oceen tempereturee and lea cover ere ape- 
clflad ollmatologicelly in tha documented model II* 
In the experiments deecribed here, oceen tem- 
pereturee and Ice cover are computed baaed on 
energy exchange with the atmosphere, ocean heet 
tranaport, and tha oceen mixed layer haet cape- 
city. Tha letter two ere ipectfled, but very 
seasonally at aeon grldpolnt. Monthly mixed leyer 
depthe ara oliraatologlcal, compiled from NODC 
mechanical bathythermograph date (NOAA, 1974) 
end from temperetura and aelinity profilce in the 
eouthern oceen (Gordon, 1912)* The reeultlng 
global -meen aeeeonel -maximum mixed leyer depih 
ie UOm. In our 3-D experiraente a SSn maximum 
ia imposed on the mixed layar depth to minimise 
oomputer time; this yields a global-mean aeeeonel- 
maximum mixed leyer depth of 63m. The 65m 
maximum dapth ie auffloient to make tha mixed 
leyer thermal reeponee Ume much greeter then 
one yeer and provide a reelietic repreeentetion of 
seasonal temperature verietione, eo the mixed 
leyer depth limitation ahould not elcnlflcantly 
affect the modeled equilibrium ollmate* 

The- oceen heet tranaport wee obtained from 
the divergence of heet Implied by energy coneer- 
. vetlon et aach ocean grldpolnt in the documented 
"model U (peper I) , using the epeclfied mixed 
leyer depthe. The geographical diatrlbutlon of 
the resulting annual meen heet flux Into and out 
of tha ocean eurfece le ehown in Fig. Ie; 
evereged over the entire hemiapheree, it ylelde 
2.4 W m~* into the Southern Hemlephere eurfece 
end an equal amount out of the Northern 
'Hemisphe re* The groee cherecteriatlca of the 
oceen eurfece heeting and Implied oceen heat 
tranaport eppeer to be reelietic, with heet input 
et low latitudes , eepecieiiy in region e of 
"pwelllng cold water, and rvlaaae et high letl- 
tudee, eepecieiiy in regione of poleward 
current i. Fig. IS of paper 1 shows that the 
longltur e-integreted haet trtnsport le consistent 
with e /eileble knowledge of ectuet tranaporta. A 
more )mprehenelve comparlaon with obeervetlone 
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Ft|{. 1. Specified heat flux Into tne ocean aur- 
f.tce in the. 3-D clMate model experiment*, 
obtained from the model it run of paper 1 whloh 
had specified cllmatologtca) seaaonelly-verylng 
oc^«n surface lempersture and ocean Ice cover, 
(i) is the geogrsphlcal distribution of the annual- 
mean flux, (b) is the letitude/eeaaon dietributlon 
of tt.e zonal-mean flux. 



ha«t hoci made by Miller *t al. <1983), who show 
that the implied annual northward heat flux at the 
equator is 6.2 « .10l« W. With the ocean heel 
tranaport specified in thia manner! the control 
run with computed ocean temperature hee e slmu- 
l ated climste nesrly the tame aa the documented 
model IK It la not Identical, ea a result of 
rhange* tn the set tee coverage which arlae whan 
the %oa ice la e computed tjuanllty* There la IS 
percent leas see Ice in the standard control run 
wilh computed ocem temperature than In the docu- 
mented nodet (t, aa discussed below. Tula haa 
loml effecla, mainly around Antarctica, but 
■ iihorwite simulated quintiliea are practically 
identical tn the ducumemed model II climatology* 
In nur puperiinenta with changed solar irra- 



diance and atmospheric COj we keep the ocean 
heat transport identical to that in the control 
run. Thue no ocean transport feedback ia per- 
mitted In these experimented Our retionele for 
thie epproech es e first etep ie its simplicity for 
enelyaisi and the feet that it permits a reelfetle 
etmoapheric eimuletloni 

Oceen ice cover ie elso computed in the 
experiments described here on the basie of the 
locel best balance. When the oceen surface loaee 
heet, the mixed leyer temperature decreasee at 
far aa the freeiing point of ocean water, -1.6 a C. 
Further heet loee from the open oceen ceueee ice 
to grow horUontelly with, thickness Im until the 
grldbox ie covered up to the limit set by the pre- 
scription fur teeda (open weter). Still further 
heet loee ceueee the ice to thicken* Lesds ere 
crudely repreeented by requiring the fraction of 
open weter in e grldbox to be greater then or 
equel to O.Wij c|l where t\ C9 ie the ioe thiokneee 
In metere (peper I), 

Heet exchenge between oceen ice and the mixed 
leyer occurs by conduction In the olimste model- 
A two-eleb model ie used for iee. with the tem- 
pers tu»*e profile perebolie in eech eleb. This 
conduction la Inefficient, and, if it were the only 
mechenism for heat exchange between the mixed 
leyer and the Ice. it would et times reeult in 
ooeen ice coexisting with oceen weter fer above 
the freeiing point i alnce thia does not occur in 
nelure, other meohaniama (such ee leterel heet 
exohange) must contribute to the heet exchenge* 
Therefore in our stands rd control run and S 0 and 
COj experiments we impoee the condition thst the 
mixed leyer temperature, which repreeenta e mean 
for in I 1 i I0 a grldbox. not be allowed to exceed 
O'C until all the ice In the gridbox ia melted; 
i.e.. if the mixed layer tempereture reeohee Q*C 
edditionel heet input ia uaed to meltice, deoress- 
ing ita horizontal extent within the gridbox. 

The annuel meen eee ice cover in out etandard 
control run ia shown In Fig. 3b. Evidently there 
ie too little eee ioe in the model (IS percent leaa 
than the obaervetiona of Fig* 3s). eepecielly at 
longitudee ~10Q'W and ~SQ*E in the Southern 
Hemisphere* Thua we alao produced an alternate 
control run by removing the condition that all 
heet added to the mixed leyer be ueed to melt ioe 
if the mixed leyer temperature reechee O'C. Thie 
elternale control run has about 23 percent 
'greeter ocean ice cover (Fig. Jc) than obaerved, 
and thue the etandard and alternate control runa 
bracket obaervetiona . We uee the alternete 
control run for e second doubled COg experiment, 
ae one neene of eeaesalng the role of oceen ice 
in climele eenslttvlty. 

in the following we ft rat describe our etandard 
8 0 and CO3 experimented 

S 0 and COj Experiments 

S ? wes increaaed 2 percent md COj waa 
doubled (from 315 ppm to 630 ppm) inatantaneoualy 



o 

ERIC 



130 



127 




V) i- _ i 

"•0 '/0 - 40 0 tO )29 >tO 




'*> 'JO -»0 0 to i29 itO 



fig. I. Aruiual-mean aes ice cover, (a) obser- 
vational chmitology of walsh and Johnaon (1971) 
for the north? n hemisphere and Alexander and 
Mobley (19?5) for the southern himlaphire. (b) 
our standard control run of the 3-D olimiti 
model, (c) alternate control run, as described in 
the text. 



on January i ot ysar l. Both experiments were 
run for 3ft years, In this section we etudy the 
equilibrium response of the climate model to the 
3 0 and CO) forclngi. The time dependence of the 
surfaee air tempcrsturs and the heat flux into the 
planetary surface are briefly noted, but only to 
verify that equilibrium has been aohieved. The 
tins dependence of these experiments u 
discussed in greetsr detail in a eubssquent tac- 
tion concerned with the transient response of the 
cllmste system, 

OlobPj M ean Heat Balance and Tempera tuee 

Model II (paper t) has s global annual mean 
net hast flux into the top of the stmosphero of 
7. ft W m-i (-»! percent of the lnsotetion). 1.& W 
of this imbalance U due to conversion of 
potential energy to kinetic energy (which li not 
reconverted to neet . in fee model) and computer 
truncs'.ion, The other global ft W m"l la absorbed 
by the ooesn and ocean ice, et a rate of 7.1 « 
m** for the ooean surface area. This portion of 
the imbalance must be' dus to inaccuracies such as 
in the cloud propertlee. eurface albedo, thermsl 
smission calculations, etc. In our control ru< 
and experiments with computed ocean temper a tut 
we muitipl} the solsr radiation absorbed at i 
ocean eurfsoe by the feotor 0.91, which cancels 
the entire energy imbalance. The radlsUon 
correction factor Has no appreciable direct effect 
on model seneitivity sines all results are dif- 
ferenced against a control Ami however, it doss 
ereble phyi'cel prooeeees. auch as oondencitlon 
and ice melting , to operate at temperatures as 
reelistic as possible. Together with the spe- 
cified occcn transports, this allows the control 
run with computed ocean temperature to havs 
essentially the seme ocean tempersture snd oil- 
msts aa the model II run with flsed ollmatolog leal 
ocean temperetures (paper I). 

The global meen nest flux Into the planetary 
surface snd surf see air temperature are ahown in 
Fig, 3 for the 9» and C0| experiments. The hsst 
flux peake st ~3 W aT* f or both experiments; the 
relative imbalance at the top of the stmosphere 
is eaaentislly the sams as this flux into the pla- 
netary surf see, ainoe the heat capacity of the 
atmosphere ia email. Similar fluxes sre expected 
in the two experiments be causa of the similsr 
magnitudea of the radiative forcings. The I per- 
cent change corresponds to e forcing of 4,1 W 
m~*. The initial radiative imbalance at the top of 
the atmosphere due to doubling CO) Is only -3.5 
W m-«, but after COj cools the etratoephere 
(within a few months) ths globsl mean radiative 
forcing is about 4 W m*S (Fig. 4, Hanssn at ai., 
1911). Over the ocean fraction of the globe we 
find e peak flux Into the turfscs of 4-ft W m-J tr. 
both experiments, of order to percent grestsr 
than the global mean forcing for an all-ocssn pla- 
net. Thus heating of ths air ovsr land with sub- 
sequent mixing by the straosphers incrsssss the 
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to global heating la longer »hen obtained from the 
common praotloa of evemging the ocean heat 
oipaoity over the entire globe (rather thin over 
tht ocean area). 

Tht •qullibrlum global mm warming of tht 
■urfiot air la about 4 B C in both tht 8 0 and 
CO| experimente.' Thie oorreaponda to ■ fted- 
back factor f ■ j-4. ilnoc tht no-feedback tem- 
pereure change rtquirtd to reatorc radiative 
equilibrium with epeoe It aT 0 « l.t-K3 a C. Tht 
heat, fiux and temperature approaoh thtlr new 
equilibria with in t-foldlng tint of almoit i 
decade. Wt ihow In tht Motion on triniltnt oil - 
wa l l rte p i M t »e* Mtg i'f oldla g time Is p r opo r- 



tion of Eiplrifrtnl Run 




>3 20 , 24 30 » 



Fig, 3. Global net htat fiux Into planetary eur- 
faco (a) and global aurfaot air temperature (b). 
On April 1 of ytar 2 In tht 5 e ' experiment tht 
eomputtr wee h(t by i coamlc ray or eome othtr 
disturbance' which cauaed improptr nu where to bt 
stored in tht ground ttmptraturt array ■ Thla 
afftcttd tht ttmporal dtvtlopratnt of tnet run, 
but should not lnflutnet Ua equilibrium reeulte* 
In ordtr to dtttrmint tht maximum htat flux into 
tht ocean, tht S 0 experiment waa rtrun for yiara 
2 and 1 from March 31 yaar 1 thua tUmlnating tht 
computer error for that period! 



net heat flux Into tht ocean, but not by tht ratio 
of global arte to ocean area aa aaaumed by 
Hansen et al. (1991). Apparently heating ovar 
continental areaa la balanced eubatantlally by 
increased cooling to apace. A chief Implication 
is that the time conatant (or the ocean to reapond 



tlonal to f i and that the value Inferred from Pig. 
3 la oonalateftt with f ■ 3-1. 

The mechanieae oauatng the global warmlnga in 
thaae experimente are inveatlgattd below • 
including presentation of the global dlatributloh of 
key chengoe. Theae rtaulta are the meant for 
yeara 14-35 of the control and experiment rune. 
Fig. 3 indlcatea that thla ehould provide essen- 
tially the equilibrium rtaponat, aince by that time 
the htat flux into the ode an la near aero and the 
temperature trend haa flattened out. 

global Temperature Changco 

Tht temperature changea In the S Q and CO* ex- 
periments are ahown In Fig* 4 for the annual me en 
aurfaee air temperature aa a function of latitude 
and longitude, the tonal mean aurfaoe air ttm- 
ptraturt aa • function of latitude end month, and 
the annual and tonal Man temperature aa a Amo- 
tion of altitude and latitude. We diaouaa the 
nature and eauaea of the temperature ohangee. 
and then make a more quantitative enelyale below 
ualng 1-0 calculation* and the alternate CO] ex- 
periment with changed tea lee preaorlptlon. 

The aurfaoa air warming la enhanced at high 
latitude a (Fig* 4, upper panel) partly due to the 
greater etmoapherlo stability there whioh tenda to 
confine the warming to the lower tropoephere. aa 
ahown by the radiation ohangee diaouaaed below 
and the experiment with alto red eea ice. 

There ia e very atrong aeaaonal variation of 
the aurfaee warming at high latltudea (Fig. 4, 
middle panel), due to the aeaaonal ohange of 
etmoapherlo ateblllty and the Influence of melting 
aea loe in the aummer which limita the ocean tem- 
perature riae. At low latltudaa the temperature 
lncreaae la greatcat In the upper tropoephere 
(Fig. 4. lower panel), because the added heating 
at the aurfaoe primarily cauaea lncreaaed eva- 
poration and mitt convection! with depoaltion of 
latent heat and water vapor at high levela. 

The atatietioal algnifioar.ee of theee resuUs 
oan be verified from Fig. 3, whioh ahowi toe 
atandard deviation for the laat 10 yeara of the 
oontrol run for all the quantitiea in Fig. 4, and 
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Fig. 4. Air tamperaiurs changa in tfta cllaiaia modal for a two parcant lnoraaaa of tolar Irra- 
diance (I a ft) and for doublad atmoaphsfle C0| (right) • Tha uppar grappa ahow tfta gaograpnloal 
distribution of annual iwaan »Mrfact air winning, tfta nriddla grapha ihow tha aaaaonal variation of 
Uiu surface air warming avaragad ovar longltuda, and tfta lowar gripha ahow tfta altituda diatri- 
button of the temperature change avaragad over Mason and longltuds. 
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Vig. 5. Left tide: etwdard deviation of temperature for the Uet 10 yeara tn the control run. 
Right side: ratio of temperature change for yeare 36-55 of the doubled COj experiment to the 
ttandard deviation of temperature In the control run* 
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the retio of the change nf lha (|uefillly In the 
doubled CO2 experiment lo the itendird da vie Hon . 
The standard devlelion li computed rui'tmaly for 
ell of the quentltlee output from our 3-D model • 
we only disc us a change! In the experiment rum 
which ere fer above the level of model flue* 
tuetlons or 'noise' In the control run. 

The patlerne of tempereture chenge era re- 
markably etmller In the S 0 and CO} experiments, 
suggesting thel the climate response is to first 
order e function of the magnitude of the radletive 
forcing. The only major difference le In the tem- 
pereture chenge es e function of al.Uudei In* 
creeaed C0 2 ceusee eubetantlel etretoepherlc 
cooling! This similarity euggeete that, to first 
order, the cllmete effect due to eeverel forcings 
including verlous tropoepherlc trece geaee may be 
e simple function of the total forcing. 

The globel meen wermlng of surfscs sir thel 
we ublein for doubled CO* is almller to thet 
obtelned by Menehe and Stouf fsr (1910) for 
quedrupled CO*. This lerge difference In een- 
sitivlty of'the two models eppeere to be ssso- 
cieted mainly with the feedbeck meohenleme In the 
models, a* dlscueeed below. The patterns of the 
temperature changes In the two models ehow 
gross slmllerlllee, but also significant differen- 
ces. We defer detelled comparlaon of the model 
results until efter discussion- of the feedback 
mechemsme • 

JLJL * n s ty* U .?L .?? ft?&§?*§. * n JZbbsiIh&dSi. 

The procesaes chiefly reeponalble for the tern* 
persturc rise In the 3-D model cen be lnveetl- 
getad with e l*D radlstlve convactlve CRC) 
cllmete model. We uee the 1-D modal of Lac is at 
el. (1981) lo evaluate the effect of chengee In 
rsdistive forcing thet teke piece In the 3-D model 
experiments. As part of the 3-D model 
diegnostlce, we heve eveileble globel everega 
changes In surfscs and planetery elbedo, and 
chsnges in amount and varllcel dletrlbutlon of 
clouds, water vapor and etmoepherio lepee rete. 
We insert these changea one -by-one, or In com- 
bination, into the 1-D model and compute the 
chenge In global surface temperature. We employ 
the usual 'conveclive edjuetment' procedure In 
our 1-0 calculation!, but with the global mean 
temperature profile of thi 3-D model aa the cri- 
tical lapse rate In the tropoaphara. Contrary to 
usual practice, we allow no feedbacka to operate 
in the 1-D calculations, making It poaslbla to 
associate surface temperature changea with Indi- 
vidual feedback processes. 

Th»*re is no a priori guarantee that the net 
effect of these changea will yield the aame 
warning in the 1-D modal aa In the 3-D modal, 
because simple global and annual averagea of the 
changes do not account for the nonlinear nature 
of the physical processea and their 2-D and 3-D 
interactions. Mso, changes in horizontal dynami- 
cal transports of heat and moisture are not 



entered eaplicltly Into the 1-D model; the effects 
of dynemlc!! feedbacks are Included in the 
radiative factora which they Influence, such as 
the oloud cover and moisture profile, but the 
dynamical contributions are not identified. 
Nevertheless, this exerclee provides eubsiantiel 
Information on climate feedbecka, Determination 
of how wall the 1-D and 3-D results correspond 
elso la e useful test for eeteblishlng the velue of 
1-D globel cllmete models* 

The procedure we uee to quentlfy the feed- 
baoka la aa follows. The Increeee of totel weter 
vapor in the 3-D model (33 percent In the 
S 0 experiment) ia put In tha 1-D model by 
multiplying the weter vepor emount et all lavela 
*by tha tame fector (1*33); the resulting chenge in 
the equilibrium aurfaca tempereture of the 1-D 
model deflnee the second bare In Pig, 6. Next 
the water vapor at aech lava' In the 1-D model le 
Increesed by the emount found In the 3-D experi- 
ment; the tempereture chenge obtained in the 
flret (totel H-0 emount) leet le eubtrected from 
tha tempereture change obtained In thle tcet to 
obteln the tempereture change credited to the 
chenge In weter vepor vertloel dletrlbutlon. The 
changa of lampereture gradient (lapaa rale) be- 
tween aech pair of levels In the 3-D model ie 
ineerled In tha control 1-D model to eatlmete the 
effect of lepee rete changa on eurfece tem- 
pereture , shown by the fourth bare In Fig. 6. 
Since the lepee rete changae are due melnly to 
chengee of weter vepor, we laxs the net of theae 
three tempereture chengee In the 1-D model as 
our eetlmele of the weter vepor contribution to 
the totel* tempereture changa • Tha global mean 
ground albedo change in the 3-D model (defined ee 
the retlo of the globel mean upward and downward 
aoler radiation flux a a et the ground) le Inecrted 
Into the 1-D control run to obteln cur eetlmete of 
the Ice/enow elbedo contribution to the tem- 
pereture changa • 

Cloud conlrlbullcne ere more difffcult to ana- 
lyze t accurately beceuee of the variety of cloud 
chengee thel occur In the 3-D model (see below), 
Including chengee In cloud overlep. and the feci 
thet the changae do not combine Uneerly. We 
f J ra t estimate the totel cloud Impect by chenglng 
the cloud emounte et all levels in the 1-D model 
in proportion to chengee obtelned In the 3-D 
model. The totel cloud effect on the tempereture 
obtelned In thle wey le subdivided by defining e 
portion to be due to the cloud cover chenge (by 
running the 1-D model with e uniform chenge of 
ell clouds ao aa to match the total cloud cover 
chenge In the 3-D model) and by assigning the 
remelnder of the totel cloud effect to cloud 
height changea. These essumplione involve some 
erbilrerlnees. Navertheleas , tha resulting total 
temperature changee in the 1-D model ere found 
lo be within 0.2'C of the globel mean tempereture 
ohengee In the 3-D experiments, providing clr- 
cumalenltet evidence thet the procedure takes Into 
ecoounl the essential reditu ve aapecte of cloud 
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Fig. 6. Conirlbutio.ii to ihi globel mean tem- 
piraturi riii in th* S 0 and CO* experiment! u 
estimated by inaprtlng changei obtained In the 3-D 
experiments into 1-D riaiettvi convict! ve model. 
(•) *2 percint 5 0 experiment, (b) doubled CO} 
*?«perlm«nl ( end ( c ) doubled CO} experiment for 
•lie men control run with griiter itt toe. 



cover chengi, 

The tempereture ohtngee In the 1-b model ere 
ehown*ln rig, • for the lUnderd S 0 and COj 
experiments, end the COg experiment with alter- 
nate tee loe oomputstlon. Resulting gelne end 
feedbeck fectora ire given In Table 1. 

Water vioor feedback . Water vepor provides 
the Urge it reedbeok, with mo it of It oaueed by 
the inoreeie of water vapor amount. Additional 
poaltly* feedbeck reeutta from the water vepor 
dletrlbutlon becoming weighted mora to higher 
altltudee, but for the global and hamlipherlo 
■rem thla U approximately eenoelled by tha nege- 
tlva feedbeok produced by tha changei In lapie 
rate, alec- due mainly to tha added HjO. Tha 
naer eancallotlon of theie two effecti li not lur- 
prlslng. alnee tha amount of water the etmoiphere 
hold! la largely dependent on the mcen tem- 
perature , and tha tempcrsture at which the 
Infrsred opaolty occurs determines the infrared 
radlsUon. Thla tendency for cancellation 
euggeete thet the difficulty in modeling molat con- 
vection and tha vartloat dletrlbutlon of weter 
vepor may not have a greet impaot on estlmatee of 
globe! ollmate eenslttvlty (axcludlng the indirect 
effect on cloud distributions). 

The net water vapor gain thus deduced from 
the 3-D modal la g w - e.4, or a feedbeok feotor 
f* - The tame seneltlvlty for weter vepor 

le obtained in 1-D modal a by using fixed relative 
humidity and fixed critical lapae rata (Manabe and 
wethereld. MT), thus providing aome support for 
that sat of assumptions In simple climate^ models t 
Reletlve humidity changed only slightly In our 3-D 
experiments i for exsmpie, In our etanderd 
doubled COj experiment the averege relative 
humidity increased 0.019 (1 ■ 100 percent 
humidity), with e 0.01 global Inoreese et 300 mb 
being tha largeet change et any altitude. Thle 
compares with en Inoreeee of mean epeclfio humi- 
dity of 33 percent* The global mean lapae rate 
o hang a in the 3-D model <-0«t»C km-1) u less 
than the change of the moist adlebetlo lapae rete 
(-O.)'C kn'l), the decreese et low latltudee 
being partly offset by an inoreeee et high latitu- 
des. And. aa explained above, the effeot of the 
lepse rata change on temperature Is largely 
balanced by the effeot of the resulting dlsplece- 
ment of weter vepor to grists r altitude. 

Snow/Ice feedbeck . Ground albedo decreese 
also provides a poeitlve feedbeck* The ground 
albedo change (upper panel of Fig. I) Is largely 
due to reduced see Ice. Shielding of the ground 
by cloud e and the etmosphere (middle panel of 
Pig. 7) makes thle feedbeok seversl times imaller 
than It would be In the absenoe of the 
etmoiphere. However, It la e slgnlflcent positive 
f ndbeck end la at Isest aa large In the 'Southern 
Hemisphere aa in tha Northern Hemisphere. The 
geogrsphle pattern of the temperature Inoresse 
(Pig. 4) and ths coincidence of wsrmlng mmxims 
with reducsd ise Ice confirm thet the see Ice 
effect la a lubstantisl poaltlve feedback. 

Further inelght into the see loe feedbeok Is 
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Fig. 7. Annual fMin radiation changaa In tha cllmata modal for two parcant Inoraaaa of 3. 
Uoft) and doubled COj (right). In Ftgt. 7, I, 10 and 11 "parcan: - changa rafara to tha full 
ranga of tha quantity, a.g.. a changa from 60 parcant albado to SO paroant albado ta da fin ad to 
ba a 10 parcent changa* 
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provided by the caperiment with alternate pre- 
oorlptlon ror oompulinf ■•• tot cover* The 
greater eoo let cover in the control run for thie 
experiment permit* • greeter turftct albedo feed- 
bocx, m indicated by the anal ye ie with tha 1-D 
modal ehown in Ftg. Co, Theee rccultc Utuatrata 
tha leneitlvtty of a cyctcm whioh alraady ooniaina 
targt poeitive feedbecke, tha gain due to in- 
orataad aurfaca atbado being augmented by in- 
nate r vapor and oloud gelne. 

Baaed on thaaa cxperlmcntc. wa cctimate tha 
aaa ice /enow feedbeok faotor aa *|,|. However, 
thti veluo refere to a olinata ohanga froai todey'e 
climate to a climat9 whioh ia warmer by about 
4*Ci Wa expect fanow/ioe to daoraaaa u tha 
araa of aaa ica and •now decraaaaa, ao ita valua 
la probably aomawhat largar in tha Unit of a 
cmcll Inoremcnt about today'a climate. Alao. tha 
prescription for computing aaa ioa in our ctan- 
dord experiments (whioh glvcc II perocnt too 
Ultla oca lea for today'a climate) probably oauaaa 
an underaatlmata of f in gw/ice' indioatad ty 
tha valua inferred for f in the experiment with 
el tered iee ioe prescription (which yielded 93 
percent too much aaa ice for today'a climate), 

The giln we obtein for ioe/enow feedbeok in 
our 3-D model (-0,1) agreee welt with the value 
(0.12) obtained by Wang and Stone (1910) fro* a 
1-D radiative eon v active nodal. The feedback ie 
much emeller than eerly cctimatec euch ea those 
of Rud>ko (1919) and Scllcrc (I9e9). who ueigned 
a Urge albedo increment to ioe/enow. but did not 
account .or oloud ehieldlng , vegetation ma eking of 
enow, and tenlth angle verietion of albedo 
(North, 1975; Li an wd Ceee. 1977). 

Cj£ud_feejN)aek. Cloud changea (Fig. 9) alao 
provTete e~" significant poeitive faadbaok in thle 
modal, ae a reault of a email inoreeee in Mean 
oloud height and a email daoreeee in cloud cover. 
The gain wa obtein for oloude ie 0.13 in our etan- 
derd doubled CO] experiment. Thie happen i to be 
similar to the gein cf 0.19 whioh ie obtained in 
i-D model! If the clovd cover ie kept fixed «nd 
tna cloud height la dettrmlned by the aaeumption 
of fixed cloud tempereiure (caaa. 1974). How- 
ever . e aubetantiel part of tha oloud gain in the 
3-D model le due to the cloud cover change (Fles 
ftj. The portion of the cloud gain aaaooleted with 
cloud height change in the S 0 experiment and the 
standard doubled CO 2 experiment le ebojt midway 
between tha two common eeeumpttone ueed in 
simple climete modele: fixed olouda altJt"'.e (g*in 
* 0) and fixed cloud Umperature (gal* 0,3), 

The clood height and vloud cover cnangee in 
the 3-D model eae - qualitatively plauelble. The 
r ♦mIii-: 0.1 cloud river primarily repreaenta reduo- 
tion of low and middle level cloude, due to 
mcreeaed vertical traneport of moiitura by con- 
vection and the large ecele dynamtce. Tha 
increase of high level cirrue oloude et low lati- 
tude* la consistent with the inoreeaa of 
pe»Mr4ttng moist convection et thoee Utltudea. 
rtawever. ihe cloud prescription schen x in the 
node) (paper n ta highly simplified; for example, 



II doe a not Incorporate e liquid weter budget for 
the oloud droplete or prediot ohanga a in cloud 
optleal thiokneee et e given height. Thue the 
poacibtitty of an Inoreeee in mean oloud optical 
thlckneae with the inoreeeed weter vapor content 
of the ctmocphcrc le excluded, Indeed, beceuee 
the oloud opticel thiokneee decreeeee with 
inereeeing altitude (paper. 1). the Inoreeee of 
oloud height oaueee e deoreaee of optioal 
thiokneee. Thie le e poeitive feedbeok for low 
and middle level cloude, but e negetive feedbeok 
for oirrue oloude, whioh ere e greenhouee 
materiel with cuboptimel optioel thiokneee. Ae e 
crude teet of poeaible effeote of changee In oloud 
optioel thlckneae we let the oloud optioel thlok- 
neae in the 1-D modal change in proportion to the 
ibeolute humidity: thie precticelly eliminated the 
poeitive oloud feedbeck. i.e.. it reeuited in 
'oloude - 1*0< Cleerly, aaeeeement of the oloud 
contribution to ollmete, eeneitlvity depende oru- 
olelly upon development of more reeliatlo repre- 
eentatlon of oloud formation proqecoc in climate 
modela, ea verified by an accurate global oloud 
clirrMology. 

Summ ary of model feedbecke . Olven the 
cane eMail on between the ohanga In lepee rete and 
ohanga in vertloel dletrlbution of water vapor, 
the proceeeea providing the major radiative feed- 
baoka in thie oil mate model ere total etmoepherio 
rater vapor, olouda and the aurfaca aibedo. Con* 
aide ring the earth from a planetary perepeotlve. 
it eeeme likely thot theae are the principal feed- 
backe for the earth on e time ecala of decadea. 
The albedo of the planet for eolar radiation ie 
primarily determined by the olouda and eurfeoe. 
with the main variable component of the letter 
being the Ioe/enow oover. The thermal a mi a a ion 
of the planet ie primarily determined by the 
etmoepherio water vapor and oloude. Thue the 
prooeeeee principally reeponaible for the certh'c 
radiation balance and tempereiure ere included in 
the 1-D model, and we have ehown that, theee pro- 
oeeeee ere the eouroe of the primary radiative 
feedbacke in our 3-D modal. 

Table 1 eummarliee the galne and feedbeok 
feolore inferred from the changea which occurred 
in our 3-D model experimenie. and the 
corresponding temperature changee for different 
oomblnatione of theee feedbeok proceeaae. Note 
egeln that effeota of dynamical feedbecke ere 
Implicitly Included in theee chengee. The tem- 
perature changee Uluetrate the nonlinear way in 
which feedbeok prooeeeee combine Uq. (.1)1. 
For example, the ioe/enow feedback adde about 
i*C to the temperature reeponee, but if the weter 
vepor and oloud foedbaoka did not exlet eW 
ice/enow feedbeck would add only a few tenthe of 
a degree to the eeneitlvity. Thle nonlinear beha- 
vior la e reault of the feot thot when the 
ice /enow feedback occure in the preeenoe of the 
other (poaltlva) feedbecke, It enhencee the weter 
vepor and cloud chengee. 

Compe riaon t o Ma nab e a nd Stouf fer. Thle ana- 
lyale of 'the feedbacke in our model providce an 
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Fig. *. Cloud changes in tha climate modal for two percent incraaa« of J 0 Oaf tJ and doubled 
C0 2 (right). Tha upper graph a show the geographies! dlatribution of annual mean cloud cover 
chsnga, the middle graphs show tha aaaaonal variation of cloud cover changa averaged over 
longitude, and {he lower graphs ah>w tha altitude dietributlon of tha oloud cover change averaged 
over nee son and longitude. 
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TABI/B 1. Ulln <g)» feldblOX flCtor it) end 
equilibrium tempereture change i (AT) Inferred 
from cilculitloni with 1-D radiative -oonveollve 
model lor globel mean change i in thf 3-0 GCM 
txperlmo nti . Tht eubacrlpti w, o md t re ft r to 
wtttr vapor, cloud ■ md lurfact albedo. g la 
obtiinid ff thi ratio of the lemperiture ohanga In 
the i-D model (with only tha indlctted pro<»eeeee 
included) to tha global Man tempt ret u re ohanga 
in tha 3-D experiment, f li from f| ■ W(l - g|). 
aT it tha equilibrium turfaoa air aiming oom- 
putad with thi 1-D modal for glocii mean ehangai 
of 3-D model conetltuenta with only tha indicated 
prociisn included] aT 0 Include i only tha indi- 
cited radii live forolng, without feedbacke. 
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0.09 
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1.1 
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1.6 
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1.4 


3.3 


3.3 


3.2 


4.0 


4.2 


4.1 



indicition of tha cfuaii of tha dlffaranoa bttwetn 
our climite modal ■■niltlvlty and that of ftmnflbc 
■nd Stouffer (1990). Thiy Infar ■ warming of 
Z«c for doubled COj, bated on an experiment with 
quadrupled Co- which yialded 4"C wirmlng. Thalr 
model hid fixed eioudi (altitude and cloud cover), 
thus f c ioud 1 Alio 'their control run had laee 
see ice than our model, ao their f, M ict ehould 
be between I and the value (-1.1) for our model. 
It li ipperent froai Table 1 thet dlfferencee 
erieing from the treatnente of theee two pro- 
ceittt may account for molt of the difference in 
globel cllmmte eeneltlvlty* 

Another major difference between our model 
end the model of Manebw and Stouffer ie thet we 
include e epecifled horleontel traniport d.hiM. 
by the oceen. Thie traneport ie identlcei in our 
control and experiment rune, I.e.. the changed 
climete ia not allowed to feed book on thi ocean 
circuletton. Of count Manabe and Stouffer do 
not allow feedback on ocean trintport either, 
unce the ocotn treniport it cero in both txperi* 



men' and control. However, tome other mcoht- 
nttmi mutt repltct oceanic polewerd traneport of 
heel in their model, ttnet their high letitude 
temperaturee ire at teeet aa win n in our 
modil (and obitrvitioni). Enhanced polewerd 
traneport of latent and eeneibie heet by the 
•tieotphtrt muet be the meehanlem replacing oceen 
heet traneport in their model.. Thli ttmoapherlo 
traneport le aspeoted to provide e negative feed- 
btok (Stent, 1914), and indeed the totel 
etmoepherlo energy traneport did decreeee 
pole we Id of 60 a C latitude In the CO| expo ri men ta 
of Manabe and Wethereld (1973, 1910). It it not 
obvloui whether the ocean traniport feedbeck la 
poeltlve or negetlve In the reel world. 

The contribution of ocean heet traneport to 
ellmate itntltlvlty, like thet of the etmoepherlo 
traneporte, dote not appeer aa an Identified com- 
ponent in an energy balance antlyilt tuoh aa in 
Fig, I, Thie tt irrelevant for our model, elnce 
it hat no ocean traneport feedbick. However, in 
modete which ealcultte tie ocean heat traneport 
or e eurrogete energy traneport, thie feedbeck ie 
Included Implicitly aa t (poiltlvt or negetlve) 
portion of identified components of aT (AT Httvr 
vepor, * T oloude, •Tice/enow>« The portion of 
theee ehengee due to ihle feedbeck proceee could 
be Identified by running thoee modelt with fixed 
{ellmatologleel) ocean heet traneport. 

Manabe (199a) aoggeete thet our loe/enow feed- 
beck la unreelletloelly lerga and eceounte for 
moat of the difference between our climate model 
eeneltlvlty and that of Manibe and Stouffer 
(1990) i However, aa eummariiod In Table 2. the 
e mount of eae Ice In the control run for our 
etenderd COf experiment le actually eomewhet leee 
than obitrvcd iei let covtr. .In our alternate 
CO) experiment, with eee toe cover greeter than 
tn obeervetione, the lce/enow feedbeck Inoreeeee 
elgnlfloently, tuggeetlng thet the loe/enow feed- 
back in our etenderd experiment may be an 
undereetimete. Alio, we ehow in the next eectlon 
that the eee ice feedbeck for the olimate change 
from 19K to todey, e wermlng of about 4'C, le 
abuut twice ea large aa In our doubted 
COf experiments thie UK eae Ice feedback fio- 
tor it beted on manured ohangee of itt let 
covtr. The tmall lct/tnow fttdbtck In Manibe 
tnd Stouffer 1 ! model may be a reeult of their 
model being too warm et high letltudee; Indeed, In 
the Southern Hemiephere "(where the eee Ice feed- 
beck Je greeteet In our model and in UK mcaeure- 
mente) their control run hae alma it no loe In the 
eumrner. Another likely reeeon for Manebe and 
Stouffer'i albedo feedbeok being weeker le the 
etronger negative feedbeok in their meridional 
dynamical flux, aa a reeult of thet flux all being 
.carried In the atmoephere. We conclude that our 
eetimate for tha eee loe feedbeok le comer- 
vative. I.e., it le more likely to be In error on 
the tow elde than on the high elde. 

We obtain e greater wermlng at low letltudee 
(~3-4"C for doubled COO than that found by 
Manabe and Stouffer (~3*C for quadrupled CO]), 
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TABLE 1. Annual-mean ■■• lot cover m fraotton of dotal or hemispheric aria in aeversl 
3-D eaperlmente. In run 1 tha m |« a cover la specified to ba today'a climatology of 
Alexander and Mobley (1171) for the Southern Hemtaphere and Wslsh and Johnson UI79) for 
tha Northern Hsnlsphsrs. Run 7 epeclflea the iia lot oovtr according to CLINAP data for 
UK CCL1MAP. 1111) and run 11 taodlflai tha Southern Hemtsphsrs CUNAP data aa diiouaatd 
in tha 1101100 on tea eg* experimente. In othar run a tha aaa toa oovtr it oomputed. 



gun . .l«J»Jj!WJ3JL5t9Ati£ilo n 

1 Modal It. Run II of papar lj sea 
lot specified aa today'a climatology 

2 Control run for aundard 
» CO2 and 9 0 experiments 

3 Standard 9 * CO3 experiment 

4 .Standard Ol 8 0 experiment 

5 Control run for alternate 
CO; experiment 

I Altarnata 3 a CO] experiment 

I CLIMAP boundary oondiUona 

II CLIMAP boundary eonditlona with 
modlftad Southarn Hemlephere aaa lot 



Iaa Ioa Cover 

Northarn Southarn 

glpba gamtaphara Hemisphere 

0.041 0.042 0,054 

0.041 0.031 0.043 

0.023 0.036 0.017 

0,0» 0.030 0.030 

0.060 0.046 0.073 

0.031 0,033 0.0*9 

0.019 0.041 0.131 

0.077 0.041 0.106 



we anslysed tne cuntnoutiona to the warming in 
nur 3-D modal aa a function of latitude by 
Inaartlng gji ional*mean radiative ohangaa into the 
1-0 radiative-con veotivt modal • At low latltudea 
(0-30*) the clouda contrlbuta a poetttve feedback 
of about l-L9*Cj the larger part of thia, nearly 
1*C. la due to reduction or low level cloud covar 
with doubled CO2, with tncraaaa of cirrue clouda 
contributing a amallar poaltiva feedback. At high 
latitudaa (60-90*) the clouda contrlbuta a amallar 
negative feedback <0-l*C). due to incraaaed low 
level clouda; thia cloud increaae (Pig. I) pro- 
bably la dua to Incraaaed evaporation reaultlng 
from tha reduced aaa ice covar • The computed 
distribution a of watar vapor may alio contribute 
to tha difference between our rcault and that of 
Menebe and Stouffer. For exemple. in our model 
low latitude relative humidity at 100 mb incraaaed 
by O.QIJ with doubled COj. The cloud and watar 
vapor characteristic! depend on the modallng of 
motet convection and clocd formation; Man a be and 
Stouffer uee the molat icbatlo adjualment of 
Manabe tt aJ, (1965) and tixed clouda; we uee a 
moist convection formulation whleh allowa more 
penetrative convactlon (paper 1) and cloud for- 
mation dependent on local aaturation. Praaently 
available cloud climatology data baa not permit tad 



datailed a valuation of the a a molat convaotion and 
cloud formation aehemaa. 

The high latitude enhaneament of tha warming 
la le'aa In our modal than In obaarved tamperature 
tranda for tha paat 100 yaara (Hanaan at ah. 
1963a). If thia obaarved high latltuda enhanea- 
ment alio occur a for Urga global temperature 
Incraaaaa. the amallar high latitude anhancamant 
In our 3-D modal auggaata the poaalbllity that the 
3-D modal he a althar ovareatlmated the low lati- 
tude climate aanaltivity (probably Implicating the 
low latltuda cloud feedback) or undar animated the 
high latitude aanaltivity ■ '* tha fornar caaa ia 
corraot, the global el (mete aanaltivity Implied by 
the 3-D model may be only 3.9-3'C; but If the 
latter interpratatlon la corraot. the global ellmata 
aanaltivity may ba graatar than 4*Ci A more pra- 
claa atatament requtrca the ability to analyia and 
varlfy the cloud feedback on a regional baala. 

Co nclualon . Atmoapharlo watar vapor content 
provtdaa a large poaltiva feedback* and we find 
that In our modal the effcota of changea in lapaa 
rate end watar vapor vertloal dlatrlbution largely 
cancel (for global or hemlapherlc mcane)* The 
existence of tha atrong poaltiva water vapor 
feedback Impllae that moderate additional poaltiva 
feedback can greatly inoreaae climate aanaltivity. 
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beoauee of the nonlinear way in which feedbacke 
combine, tn our model, eufficlent ice/anow feed- 
beck occuri to Inoreaac the global eenaitivity to 
-J.S^C. and with cloud feedback to ~4*C . for 
doubled C0 2 , Although the cloud feedback ia 
vary uncertain, our 9-0 ttudy euggeeta that it ia 
in the range from approximately nautral to 
etrongly poeltive In global mean, and thue that 
global climate aaneitivity ia at leaet t,5 - C for 
doubled COj, The magnfri-dee of the global 
ica/anow and cloud feedbactte in our 3-D model 
ara plausible, but confirmation requiree improved 
ability to accurately modal the phyclccl prooeeeea 
aa well aa amplricel teete of the ollmate model on 
a variety of time ecalee. 

Ice Age Experiment* 

Recorda of paat climate provide a valuable 
meana to teat our und ara landing of olimate feed- 
back mcchenfama, even in the ebeence of a 
complete unda ra landing of what oaueed the oltmute 
change. In this eeotfon we uee the .comprehen- 
sive raconstructlon of the laat ice ege (11,000 
yeera ago) compiled by the CLIMAF project 
(CLIMAP project mcmberc, Mclntyre. projeot 
leedar r 1911 ; Denton and Hughee.aMl), We firat 
run our climate model with the UK boundary con- 
dittona aa apeoified by CLIMAP: thfe aJlowe ue to 
estimate the global mean temperature change be- 
tween UK and today. We then rerun the model 
changing feadbeck proceeeea one-by-one and note 
their effeot on the planetary radiation balance at 
the top of the atmoaphere, Thle providee a 
meeaure of the gain or feed beck factor for eeoh 
procaes. We aJao examine the model for radiation" 
balance when ajl of the known UK feedbacki ere 
included; thle ail owe aome inferancee about the 
model aenaitivity and the accuracy of the CLIMAP 
date. Finally, we compare different oontributione 
to the 19K cooling; by coneiderlng the land ioe 
and atmoapherio CO] changaa aa alow or ape- 
cifled global climate forclnga, we can infer 
empirically the net feedback factor for prooeeaea 
operative on 10-100 year time acaiee. 

Global mape of the CLIMAP UK boundary condi- 
ttona. including the dtatrlbutlona of continental 
ice. tee Ice and sea-aurface temperature, ere 
given hy CM MAP (1991) and Denton and Hughcc 
(1981). These boundary conditione, obtained from 
evidence mch aa glacial icourlng, ocean aadimant 
cores containing detritua rafted by aaa ice, and 
oxygen notoplc abundancae in enowfail preaerved 
in Greenland and Antarctic ioe ehaate. 
necessarily contain uncertaintiee. For example, 
Hurekla et al. (1982) auggeet-thet tha CLIMAP 
Southern Hemisphere aea ice cover may be 
overestimated, and DiLebto and KJaaaan (1913) 
argue that the CLIMAP 'maximum extant' lea ahaet 
model may be an overeatlmata. Queationa have 
also been rained about tha accuracy of the ocean 
surface t»mperaturea . eapecially at low latitudee 
fWnbaier and streten, 1978), We examine quan- 
titatively the effect of each of these uncertain- 



tiee on our reed beck aneiyeea. 

Simul ated UK Climate Pa tterne 

Our UK eimulation wae obtained by running 
olimate model II (paper t) with tha CLIMAP (ltBi) 
boundary conditione. The boundary oonditione in- 
eluded the earth orbital parametera for that tima 
(Berger, 1971). The run wea extended for alx 
yeare, with the reaulta avereged over the laet 
five yeere to define the UK aimulated climate. 
Tha control run waa the five yeer run of model 
II with today'e boundary conditione, which la 
documented in paper 1, 

Temperature . Simulated UK temperetura pat- 
tame are ehown in Pig. t. The temperaturea in 
the modal, eapecially of eurfece air, are con- 
etrained etrongly by the fixed boundary con- 
ditione, and thua their aoouraoy ia- dependent 
mainly on the reliability of the CLIMAP data. 

Global eurfaoe air temperature in the UK ex- 
periment ia 9.I*C cooler than in the control run 
for today'e boundary conditional Much greater 
cooling, exceeding 10'C, ocoure In eouthern 
Canada and northern Europe and cooling of mora 
than S'C ia calculated for moat of the Southern 
Hemiephere aea ioe region, Some high letitude 
regione, Including AJaeka end parte of Anterotioa, 
are at about the aame temperature in the UK 
eimulation aa today i thue there ia not univeraal 
high latitude enhancement of the olinete change. 

Tempereture changee over the tropioel and 
eubtropioal oceene are only of the order of l'C, 
and Include eubetantial areas that are warmer in 
the UK eimulation than today. The latter aapect 
requiree verification; diverse areaa of the tro- 
pioe and euwtroploe experlenoad mountain gla- 
oietlon et UK with anowllna deaoent of about Ikn, 
and pollen data indicate eubetantial cooling of the 
order of S'C at numeroue low latitude areas. Aa 
tnaiocted by our J-D model experimant the CLIMAP 
eee eurfaoe temperaturee ara inconaiatent with 
tha obeervatione of tropioel cooling, elnca 
apeoifioation of relet! vely warm tropical and 
aubtropicel ocean temperaturae effectively prohi- 
bit large cooling ovar land at theee latitudee. 
We conclude that the low latitude ocean tem- 
peraturee are probably overeetimeted in tha 
CLIMAP data* A more quantitative analyeia (Rind 
and Petaet, in preparation) auggaata that targe 
areae in the low latitude oceana may be too warm 
by 2-S«C in the CLIMAP deta. 

The middle parte of Pig, f ahow that tha cool- 
ing at UK occurred aepecially in tha fail and 
winter. Although the aurface air waa aubatan- 
tialiy colder all year at latitude 60 f N, thie waa 
largely a rreult of the change in mean aurfaca 
alUtuda cauaed by tha preeanoa of ica sheets; 
the cooling at fixed altitude ia conatdarably iaee. 
Tha xonai mean aurface air in the tropics was 
cooler all year. Tha towar parte of Pig. 9 show 
aubatantiai cooling throughout moat of the tropo- 
aphera. At hjgh iatitudae tha greataet cooling 
occure in the lowar troooephera. 
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Ftg. 9. Air temperetura In tha cllmeta mortal axparimant with boundary condition! for tna ica 
age 19,000 yeera ago (left) and tha tamparatur* djffaranca batwaan tha UK atmulatlon and tha 
control run for today 'a cli.ua ta boundary condition! (right) • Tha control run la deaorlbad in 
detail in papar 1* 
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Wedietlon . Chengee In thi planetary redietlon 
budget'ln the UK elmulstlon trt shown In Pig. 10. 
The eurfece albedo increesee ti much u 0.45 ti 
the regions of tea iheeti ovtr northern Europe 
end louthern Cenedt end about 0*30 In rtglont of 
Urge 'Chtnget in tte lot coverage. Shielding by 
tht etmoephere end the Itrge ttnlth anglee reduce 
tht impact cm planetery eibtdo to 0.15-0.10 ovtr 
the Ice theete end 0.05-0.10 ovtr tet Ice* The 
■ffect of the plenetery eibtdo chingt on tht net 
redletton from the planet It pertitlly compenttted 
over the tee thtett by rtductd thermal emission, 
but ncerly tht full tfftut of tht tibtdo chenge 
appeers In tht net radietion ohtnge ovtr tet let; 
thete eonclutione follow from comptrlton of the 
middle end lowtr pertt of Pig. 10 end tht ftct 
thtt tn albedo chtngt of 0.10 It equivalent to 24 
w m* 1 . Moat of the mors dstalled chtnget In tht 
geogrsphicst petttrnt' of tht rsdistlon budgtt trt 
tttocltted with chtngtt of cloud covtr or cloud 
top altitude. 

Clouds. Cloud chtngtt In tht UK tlmulttlon 
sre"TIius£rsted In Pig. II, Thert it t tlgnlflctnt 
reduction of cloud covtr In rtglont with 
lncressed tet let, probtbly becsuse of tht 
reduced evsporstlon In thott rtglont. Tht xontl 
mttn cloud covtr dtcrttttt tUghtly In tht tro- 
plct during mott of tht yttr, Inorssse? slightly 
in tht subtroples end Inoreettt tt Northtrn 
Hemisphere mldlstltudet In tummer. Tht poltr 
regions exhibit oppotlte behsvlor; tt the north 
pole (t region of ftt let) the cloudt dec rem, 
while tt the touth polt (t contlnenttl rsglon of 
high topography) the cloudt Inortett in the UK 
experiment. Tht lowest pentl In Pig. tt thowt 
thtt tht high levtl (clrrut) cloudt trt rtductd 
substsntlslly In the UK simulstion, prssnmsbly 
dus to the reduction of penstrstlng molsi convec- 
tion end Its essoclstsd trtntport of molsturs. 
Most of these ohsnges srs conststsnt with those 
In the doubled C0 2 experiment, ths cloud chsngss 
st UK being ths opposite of those which occur 
for the wermer doubled C0 2 cllmsts. 

Summ ery* The globs 1 me in surfacs sir cooling 
of the Wisconsin Ice sge (compsred to today) Is 
computed from the CL1MAP boundsry conditions to 
he -4 # C. Thus the mesn tempersture chsnge bet- 
ween UK end todsy it very tlmiltr to the pro- 
jected warming for douhled C02* Below we 
anilyze the contributions of differsnt fsedbsck 
processes to this global cllmsts chsngs. 

UK Feedbsck Fee tore 

We perform two types of experiments to study 
the feedhack processes st UK. tn experiments 
of the first type, s given fsctor is modified (isy 
the set ice cover is chsnged) snd ths model is 
run for severs) yesrs with the atmosphere free 
tu adjust to the change, but with the ocean tem- 
pereture and other boundsry conditions fixed. 
Thus the only suhatantial feedbsck factors allowed 
to Mpftmt* *r<» water vapor and clouds (snow over 



lend and ice cen alto chenge, but this represents 
only e small pert of the ice/enow fsedbsck). 
Experiments of this type entblt ut to rtltte sur- 
feee tempereture chahgee with flux imbalences et 
the top of the atmosphere under conditions of 
redletiva/dynemio equilibrium In the ttmosphtre. 
Results of this type of experiment ere eummerUed 
in the first pert , of Teble 3 (experiments 1-14) 
elong with thj UK oontrol run (experiment ?), 
The method Tor converting the flux imbelence et 
the top of the itmosphsrs In thess sxperlmente to 
geln or feedbecx feotore le deeorlbed below In 
conjunction with experiment I. 

Kxperimente of the eecond type (labeled with e 
eter (*) end tebuleted in the lower part of Teble 
3] provide e fsstsr, but more epproxlmete. 
msthod for evslustlng feedbacks whloh cen be 
epplied to certein types of rsdlstlvc forcing. In 
the eterred experiments wa dtttrmlnn tht 
rtdlttlvt forolng by changing e fector In the 
oontrol run teey eee Ice cover) and calculating 
the Inetanteneoue chenge in the planetery 
rtdlttlon balence et the top of the etmotphere. 
The etmoepherlo tempereture end other redletive 
const itusnte 1 and boundery conditions ere not 
ellowed to chenge; thue no feedbecke operete In 
thess sxperlmente. The flux chenge et the top of 
the etmoephere. &P, defines, a change of planetery 
effeotlve tempereture 

flT € (»C>. a (oT i >)" l flF(W nT») - 0.27aF<W m-1) (U) 

for T a ■ 255K. This relation provldee a good 
eetlmate of the no-feedbeck Contribution to ths 
squilibrium eurfece temperature chenge , if the 
redletive perturbetion doss not spprscisbly alter 
the vertlcel tempereture etruoture. This proce- 
dure le epplloeble to eoler flux, eurfeoa albedo 
and certein tropospherlo gss perturbstlons 
(Haneen et el., USD, but doee not work as 
simply for CO? perturbstlons . beosuse COj cools 
the stretoephere (Pig. 4 of Hansen et si.. USD. 

Although (13) provides a useful eetlmate of the 
(no feedback) eurfece tempereture chenge 
reeutting from e given redletive imbalance et the 
top of the etmoephere, it le e rough eetlmete 
heceuee the rtdlttlon to tptct oomte from e 
broed renge of wevetengthe and altitudes. tn 
order to account for thle epsotrsl dependence, 
we ueed the l-D redletive convectlve model for 
the following experiment. A flux of 1 W ra" 2 wee 
erbitrerily edded to the oceen eurfece. end the 
lepee rete, water vapor and other redletive 
constituents were kept fixed. The surfsce tem- 
pereture increeee at equilibrium wee 0.29°C. 
implying 

ATgt^C) - 0.19 AP(W . <14) 

The coefficient In (14) le preferebla to thst In 
U3h for radiative perturbations which uniformly 
effect surface and etmoepherlc tempereturee. 
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Fig, to, Rtrtutlon qutntitlti for tht UK simulstion and differences with tht control run. The 
control run is described In dctell in paper 1, 
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Pi*. 11. Cloud cover for the l*K slmulition *nd differences with the control run. The control 
run n described in detiU In paper l< 
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Weter venor end o(mHl feetltierke. Although we 
do not neve mccsuremsntc of the witr vspor end 
cloud distribution for UK, we can use experiment 
I to determine the combined weter vepor/oloud 
feedbeck fector in our 3-D node) for the 19K 
cimulctton. tn thie experiment the ocean eurfece 
tempereture wss erbitreriiy deerccctd by 2*C 
everywhere. Ae sMwn in Teble 3, the globe) 
mean eurfece tempereture decreeied by 1*C and 
the net redietion flux to epece decrececd by 2.7 
w Thus, with the tea ice and isnd Ice fixed, 
the model seneltivlty aT/AF for the combined 
weter vapor and clvud fccdbeckc le 0.71'C 
(W/m"*> . If no fccdbeckc were allowed to 
operete . the eeneitivity would be -0.2I , C 
(W/mS)" 1 , cf. equetion (14), Thue, eince the 
etmospherio fccdbccks ere the only ones allowed 
to operete in experiment I. we infer that the com* 
bined weter vepor and cloud feedbeck fector in 
our model for ilK is f wc - I.I and g wc - 0,6. 
ThK le prectlcelly the feme ee the combined 
weter vepor end cloud feedbicke for the doubled 
CO? experiment (Table 1 end equation (ID). 

Experiment ft can be ueed to convert the flux 
imbalancee et the top of the etmoephere in the 
other unctcrrcd experimente in Table J to 
equilibrium eurfece tempereture chengea. Thui, 
if the ocean tempereture were free to chenge end 
water vepor and uloude were the only operative 
feedbecke, e flux tmbslanoa aP at the top of the 
etmosphere wouid vmleh ae the »urface tem- 
pereture changed by en amount AT * 0,71 if. 

Sec Joe_ end land ice feedbecke . Experimente I 
end loT'ln "which the Ilk distributions of eea ice 
end lend ice were repleced with todey'a distribu- 
tion* , ihow thet both the lee Ice and land Ice 
chengee made major contribution! to the ice afa 
cooling (Table 3). The CLIMAP eee loe end lend 
lea distributions each effect the gtobel ground 
elbedo by ~0*02. Atmoephertc shielding and 
tentth angle effects reduce the Unpaot on plane- 
tary albedo to 0*006 for the eea Ice ohenge end 
0*009 for the lend Ice change* The impect on the 
net redietion belance with epace le between 1.5 
and 2*0 W. m~3 in eech ceee, for theee experi- 
mente in which the atmosphere wei allowed to 
edjuet to the chenged eaa ice end land ice* 

The redietion imbelencee in these experimente 
of the first type can be ueed to eetimate the geln 
fcotors for these two Feedback prooessee* Beted 
on the conversion factor 0«7l a C/(w m"*). the flux 
imbelencee in expc/lmente 9 and 10 yield equili- 
brium jurfece 'empereiure chengee of aT 9M j c< * 
l.*K snd &T lan( j ice « 2.3K. Since the feedbeck 
fector in these experiments ie f wc • I.I, the 
Mdtetlvc forcinge produced by the see ice end 
Isml ice chengee In the ebeence of feedbecke ere 
4T *ee Ice l*»K/f Wc x o.7K end AT^ j C e ■ 
0.9K, respectively. Thue the geln fectore for 
sea ice end lend ice chengee. for the climate 
i chenge from 18K to todey. can bw es time ted aa 



leee loe " MM - 0. 14-0.20 

(IS) 

■lend ice " °- l/AT " • ' 

where AT ie the chenge of global meen eurfeoe 
elr tempereture in *C between 18K and todey. 
Experiment 7 ylelde aT ■ 3.6*C, but indicetions 
thet CLIMAP low letituds oossn tempereturee ere 
too wsrm (eee ebove) euggeet AT - 5*C; the 
range given for g refere to AT » 3.S-5*C. 

In experimente 9* and 10* the IlK distributions 
of eee Ice and lend lea in eapariment l were 
rsplscsd with lodey'e dietributione, but only for 
diegnoatlc celculetion of the planetery redietion 
belence i all other quentitiee in the dlegnoetic 
celculetion were from experiment 7. Beeed on 
the radietive forcinge computed et the top of the 
etmoephere and Eq. (13) we ectimetc the geln fee- 
tore, gf • ATt/aT, for the eee loe end lend ice 
chengee to be 



I... le. » M - 0.1T-0.H 

(16) 

■i«d lci - ^^-0.1.-0.17. 



These gein fectore Include the effect of Ice on 
thermal emleelon and planetery albedo. The feet 
thet the gelne eetlmeted from (II) exceed thoee 
from (IS) indiceue thet the emleelon from the 
added enow and tea eurfecee on the averege ie 
from e eomewhet higher tempereture than the 
effective tempereture, I55K* 

The accuracy of theee feedback geinc depende 
primarily on the accuracy of the CLIMAP boundery 
conditlone. Indeed, it ie poeelble thet the 
CLIMAP eee ice dletribution le too extensive. 
Burckle et al. (1911). on the beeie of sstsllite 
meeeuremente of eee ice coverage, and preeent 
sediment distribution , euggeet thet the eedlment 
bounderiee which CLIMAP had eacumed to be the 
eummer eee Ice Unit in the Southern Hemiephere 
ere tn feet more repreeentetive of the eprtng eee 
Ice limit. Ex'*rlmsnts 11 and 11* teat the effect 
of thie reduced eee Ice coverege. In experiment 
1 the CLIMAP Februery and August sss ice 
coverege were ueed ee the extremee end inter- 
poleted sinueotdeily to other monthe. Por experi- 
ments 11 end 11* the winter (August) coverege 
wes left unchanged, but the CLIMAP Southern 
Hemisphere Pebruery coverege wee used for the 
epring (November) with lineer extrepoletion to 
Pebruery, and lineer interpolction between the 
Pebruery and Auguat extremee, 

Experiment 11* Impliee thet the eee ice gein 
eetlmeted in experimente 9 and 9* should be re- 
duced by 15-20 percent, if the ergumente of 
Burokle et al* (1912) are correot. Although 
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TABLE 3. Change* In planetary radii I ion balance In ollwate Modal ex|Hiriw*nl4. Tha control run for •* peri wen la 7, 11, 
and U ia climeta wodel II doeuw«nted m paper 1. a U the. atendard davlation of the annual wean about tha 3 yaar wean 
for this control run; atandard dovfetlone for tha other eon trot rune vera of alwllar Magnitude. Ix per I went 7 waa run 
for I years, with the reeulta everefed over the final $ yeere. The other uneterred ex perl wen la were run for 4 yeara 
end everaged over the final 3 year a* The starred expert wen ta were run for 3 yeere and averaged over 3 yeara, T a 
ia aurfeoe air toajperetere. f net radiation at the lop of the elajoapwere, A- ground albedo wtd A D planetary albedo, 
oiobal valuee are ahown, with the w w w ae re In parentheele being the reeulta for the Northern llemiephere and Southern 
Heailephere rcapceUvaty. U peri went t» f the control run for expert went II, wee identical to experiment 7 except that 
the Koppen vegetation of rig* tt(e) wee eubatltutcd for ftfctthewe (Itfl) !• x I* Vegeution uead in wodel II, 
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there la uncertainty about the trua UK ••• lot 
distribution, it eeemt llkel) that the original 
CLIMAP data la somewhat an overastlmste. On 
tha basil or sxpsriments t, 9* and 11* our bast 
eetlmata of tha tat lea pin for tha climate 
chenge from UK to todiy it g aaa j Ce ~ 0,1} and 
thua a feedback rector f. aa | Ca - 1.2. Thia ia 
larger thin tha mow /Ice fsedbeck obtained in tha 
S 0 and COj sxpsriments. However, tha tree of 
the eea tee cover chenga le ibout twice u large 
In tha UK experiment (-11.4 » 10* km 1 for the 
annuel mean with our revieed CLIMAP eea ice) 
than In thee* other experiment! (7.1 « 10* km 2 , 
9.2 > 10* km* and 14.9 « 10> km* in the S 0 , 
CO? and elternele CO} experimenter 
reapactively )• Thus, the geins obtslnsd from the 
\. e age and the wermer climete experimente ere 
consistent. 

It also hae bean ergued (DiLablo and KJsssen, 
1913) that the CLIMAP land ice cover ie an over- 
aetlmate. baoeuee the ice eheet pertpheriee pro- 
bably did not ell ichiivi frtaxlmuel extant 
slmultsneously. Thli possibility wn racognlied 
by the CLIMAP Investlgstors, who thsrsfors also 
preiented • mlnimel extent Ice eheet model for 
19K (Denton and Hughes, 1911) CLIMAP , 1991). 
In thle minimel lea modal the eree by which the 
ice iheete of 1IK exceeded thoee of todiy ie 
reduced to fU»s-sixths of the velue in the stan- 
dard CLIMAP modal. We conclude thet the land 
ice gain for tha din ite changa from 19K to todiy 
le 0,15-0.25. The eorraeponding feedbeck feotor 
la 1.9-1.3. 

Vegetation feedback. We aleo inveetigited the 
vigetitron'fiedfiiclT, which Ceee (1979) hae eetl- 
matad to provide e Urge poeltlve feedbeck. We 
ueed the Koppen (1936) scheme, whioh reletee 
annual and monthly mean temperature and relnfett 
to vegetitlon type . to Infer expected global vege- 
tation distributions for the QCM rune repre* 
senttng tcday'e climate (model II In paper 1) and 
the UK climate. The reeultlng vegetition distri- 
bution from the run with todiy'e boundery con- 
dition! (Pig. 12i) auggeet! thet the model and 
Koppen scheme can do a felr job of 'predicting' 
vegetation, in the cm of todey'e climiti for 
which the ichime wii derived. Diacrspanciee with 
observed vegetetlon (Mitthewi, 1983) axiit, i.g., 
there is too much rsinforeet on the eset coset of 
Afrlce and too little boreel foreet in centrel 
Asie. but the overell pattarne are reelletlc. 

The vegetetlon dietributlon obtelnsd for 1IK 
(Fig. 12b) from the Koppan scheme and our 19K 
experiment has more deeert then todsy, less rein* 
forest snd leei boreel foreet. These changee 
sra quelltstlvely conelstent with emplricel evi- 
dence of troplesl aridity during the lest glacial 
maximum bssed on s vsrlaty of paiaocllmets Indi- 
catore, such se pollen (FlenJey. 1979), feune 
(Vuilleumier, 1971), geomorphology (Serntheln, 
1971) and lake levele (Street and Grove, 1979). 
However. Die magnitude or the desert and rain- 
forest changee is smaller thin euggested by tha 
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Fig. 12. Vegeutlon typss (for gridboxee with 
more than 30 percent land) inferred from 3-D 
model eimuietione and tha Koppen (1936) echeme, 
which reletee annual and monthly mean tempera- 
ture and precipitation to vegetetion type, (a) ia 
tha control run for today'e climete (paper 1), 
while (b) is the ISK elmuietion (experiment 7). 



peleoclimete evidence. The emiller chingei may 
reeult from (a) the CLIMAP troplcel ocein tern- 
pereturee being too werm. ee dieoueaed above, 
which would tend to ceuee an ovareetimite of 
rsinforeet and undareitlmete of deeert eree: (b) 
the lower atmospheric CO] ebundence of 19K 
(Sheckleton et al.. 1913). sines C0 2 'fertilisation' 
af facta era not incloded In the Koppen scheme . 

In experiment it today's vegetation wee 
replaced with the Koppen 19K vegetetion (Fig. 
12b). The land, land let and other boundary con* 
ditlone were identloel to thoae in the control run. 
In thia experiment the modified vegetation 
dlrectty sf facts the planetary elbedo and aleo 
Indirectly effecte it through the maeking depth 



9 

ERIC 



149 



146 



for mow (piper 1), The UK Kopppcn vegetation 
cf Ftj. Ub incrmed the globs! ground libido by 
0.006 and the planetary albedo by 0,003 (Table 3) 
and left a flux imbalance of -0*1 W »'* at the top 
of tne atmoaphera. Baaed on tne aame analyela 
aa for lot above, the no-feedback temperature 
change due to vegetation la O.S'C, yielding 
fvagetation B 0.06-0.01. Beoeuee of the impreci- 
alona in the Koppen 1 IK vegetation. Me broaden 
the eatimeted gain to gyegetstion ■ 0*05-0.09, and 
thua fyasetitlon ■ l»0*-l.l. Sxamtnatlon of glo- 
bal mapi shows that the greataat Impact of the 
changed vagetetion waa the replacement of 
European and Allan evergreen foraeta with tundra 
and grassland; the greatly reduced maeklng deptha 
produced annual ground albedo Inoreaaea of 0.1 
or mora over large ereee, with the largeat 
I'hangea in epring. For raaaona etated ebove, we 
sMo examined an UK run with ocean temperalurea 
reduced by PC; thie reduced the number of grid- 
boxei with rainforeet from 10 to 5 in South 
America and from 7 to 2 in Africa, compared to 
Fig. Ub, in better af'n«iM with paleoclimete 
evidence cued above. Thia additional vegetation 
change did not algnificantly change the global 
albedo or flux et the top of the atmoaphera. 

We conclude that the vegetetion feedback fac- 
tor between 19K and today ia fvegetetion ~ 
1,0* -1.1. Thin ia much amaller than auggeated by 
Ceea (1978), but conalatent with the analyala of 
Mckinuon (1914). we find a aomewhet larger 
feedback then Dickinson obtained, 0.003 change of 
planetary albedo compared to hii 0.002. 
apparently due to the change of vegetetion 
milking of mow -covered ground. 

18 K Ra diation Balance 

The simulsted UK clime te (experiment 7) ie 
cloee to redietlon balance, the imbalance (Table 
J) being 1.6 w m"J et the top of the etmoaphere, 
compered to the control run (model II) for 
todey'i climite. Thii imbilance la email compered 
to the emount of solar energy ebaorbed by the 
planet (-240 w m~2). However, in reality even 
more precise radiation balance muat hive existed 
svereged over aufflolent time, beceuae the ice 
*,je tested much longer than the thermal relaxation 
time of me ocean. (Melting the ice eheete in 10K 
year a would remit re e globe! meen imbelanoe of 
only -0,1 W m-2.) Although the model calcula- 
tion* contain Imprecision! comparable in magnitu •■ 
to the radiation Imbalance, we axpeot these to oc 
largely cancelled by the procedure of differencing 
xith the control run. Thia type of study ehould 
become a powerful tool tn the future, aa the 
accuracy of the reconstructed ice age boundery 
conditions improves end aa the olimate models 
become more realistic. 

Tax*-, at face value, the radiation Imbalance in 
the UK experiment 7 implies sn imprecision tn 
nit. er eume of the assumed boundary condltlone 
for i'k or in the climate model sensitivity, The 



aanaa of tha imbalance ia auoh that the planet 
would coo! further (to -4.MC, baaad on the t? tn 
Table I), if the oceen temperature were computed 
rather than specified. Before studying this imba- 
lance further, we make three modlficetiona to the 
16K eimulation. First, the Southern Hemisphere 
eee ice cover ie reduced as discussed ebove; 
this reduces the radiation imbalance. Second* the 
vegetetion ia repleced by the UK vegetetion of 
Pig* 12b; thle eljghtly reduces tha radletion imba- 
lance. Third, the emount of etmoepheric CO2 ia 
reduced In accord with evidence (Neftel et al*. 
1912) that the UK CO] emount wis only -200 
ppmt this significantly aggrsvstes the radiation 
imbalance. 

Theee three ohangee are all Included in experi- 
ment 13. the eee Ice and vagetetion ohangee being 
thoae teeted in experiment! 11 and 12. The C0 2 
deoreaee wee 75 pom from the control run vilue 
of 315 ppm; this ia equlvelent to the chenge from 
an estimated preinduetrie! abundance of 270 ppm 
to an ice age abundance of -200 ppm. With theee 
ohengee the radiation Imbalance with apace be- 
comes 2.1 W m~*. Thie lmbelanoa would carry the 
surface temperature to -5.3'C If the constrsint 
on oceen tempereture were releeeed. 

Two principal candidatee we can identify for 
redressing the UK radiation imbalance are the 
CLIMAP eea aurfaoe temperaturaa and the oloud 
feedback in the olimate model* The imbalance ie 
removed if the CLIMAP ocean tempereture le 
1.9 a C too warn (experiment 9. Table 3). The 
possibility that the CLIMAP eee surface tem- 
peraturaa may be too warm ie suggested by the 
dieouaaion above. The Imbalance Ie also removed 
if it ia assumed that clouds provide no feedback, 
rather than the positive feedback which they 
cauae in thia model 1 thia concluelon ia baaed on 
the eatlmate that the clouds* cauae 30-40 percent 
of Vie combined water vspor /cloud feedbeck 
(experiment 9). aa la the caae In .the S 0 and 
CO] experimente. 

One plaualble solution la the oombinetion of s 
reduction of low letitude ocean tempereture by 
"l a C and a oloud feedback factor between 1 and 
1,3. An alternative ie a reduction of low letitude 
ocean tempereture by -1«C and a greeter value 
for the UK CO2 abundances indeed , recent ana- 
lyaea of Shaoklaton et al. (19s*3) auggeet a mean 
19K CO] abundance -240 ppm. It ia also possible 
thet there were other presently unsuspected 
changr » of boundary condltiona. 

There are presently too many unoerteintiea in 
the climate boundary condltiona and climate model 
to permit identification of the cauae of the 
radiation imbalance in the UK almulation. How- 
ever, aa the boundery condltiona and climate * 
modela become more accurate, this approach 
ahould yield valuable checke on paleoclimate dsts 
and climate modela. In the meantime, the data 
permlta eome generel conclusions ibout the 
strength of climate feedback procesaea. 
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The ebove ccleulctlonc euggeet the following 
major contribution! to the global oooHng it UK, 
•• ehown echereeticelly in fig. 13: 

AT wa ur vapor ♦ cloudc « AT W0 - 1.4-H'C 

ATimd tea * AT, - O.T-a.l'C 

rt 4T t#t ici l AT, «- 0.6-0.7'C (17) 

ATcOj M 0»S-0.t"C 

ATvipuifon i AT V - 0.3'C 

Theae eetimatee in the product of the gain for 
•ten proem and the to til cooling it UK* But 
noti that the iiocrtclnty in the total AT oaneili 
In obtilnlng aTj, AT a , ATcq« and AT V ; tnui 
thin aT| in mora fundementei isvi «iuurrtc thin 
the oorrnpondlng g}» The aT| repreeent thi 
teoleted redletlve forclnge. which can be com- 
puted accurctcly* for tna mumid ehingei in 
thin ridiitlvi oomtltuanti between UK and 
today. AT* Q ■ 3.3 § C li obteined from experiment 
I which yielded Uc - °- B » olovA portton of 
aT wc li uncirtilh beciuii of the rudiment! ry 
ititi of cloud modeling; however ,even with no 
cloud fudbiok thi witir vepor oontrlbutlon 
<*l.4*C) li i largi part of thi total Ice eg* 
cooling. AT| • O.l'C li baaed on V\% CLIMAP 
mcjlmcl ici ihut eatant, It li -0.7*C tot the 
mlnimel eatent mode' *T, ■ 0.7'C H be ltd on 
CLIttAP in lect it li O.I'C with the reduced in 
&oi covir in thi Southern Hcmlcpherc In export* 
mente li and II s . ATco« • 0. fta C "fere to i 
CO* chenge from 300 ppm tit IK) to 301 ppm (it 
siy WOO); thli li reduced to 0.3'C If the COj 
amount woe 333 ppm it UK and 373 ppm it U00, 

The eum of thi terapereture contributloni in 
Ftg. II alightly ixoiidi ihe computed cooling aT 
* 3.7 a C it UK. Thli la i mtitiment of the 
radiation Imbalance which aaliti in thi modil 
when the CLJMAP boundary oondltloni are ueod 
with 4C0 3 of 50-IOO ppm* If the modal ocian 
tempcreture were allowed to change to achieve 
rediatlon balance. It would balance et e globel 
.-neen UK cooling of ~S.3»C (mode! eeneitlvity ■ 
0,76»c/(* m-l)l. We conclude thet either the 
CLIMAP UK oceen tampereturee are too werm by 
~Li*c or we have overeetlmeted one or more of 
the contribution! io the 13K cooling In (17). 

It le epperent from Fig. 13 thli fiedbiok pro- 
cissQi account for moat of the UK cooHne> The 
we tor vapor , cloud and eea Ice contrlbuttone 
repreient et least half of the totel cooling. On 
I /ig time cede* the land Ice portion of the 
cooling alio mey be regarded aa a feedback, 
though It ope re tee on e very reglone! ice la and 
may be e complex function of e vertaty of fectore 
men ee the petition of land ereea, ocean 
currents end the meteorologloel sttuetlon. Even 



the COa portion of the cooling, or et leeet part 
of iti may be e feedbeck. i.e.. in rocponcc to 
the change of climate. 

Virletione In the e mount of abeorbed aolar 
radiation due to Mllankovitoh Ceerth orbitei) 
changee in the eeaionel and latitudinal dletrlbu- 
tlone of aoler irrediance, which occur on time 
eoalee of eeverel thoueand yeere, can provide e 
globel me en forcing of tap to e few tenthe of e 
degree, In view of the etrength of the climate 
fetdbeexa, it ia pfteuclblc for the Mllenkovllch and 
CO] forolnga lo 'drive' gleolel to intergliclel cli- 
mate virletione. However, dleoueelon of the 
eequence of ceueee and meohenieme of gleoial to 
Intergleclal climate change ie beyond the aoope of 
thte paper. 

We can uae the eontrlbutlonc to the UK cool- 
ing cummerlatd in Flg» U to obtain an empirical 
eetimate or the climate feedback feotor due to the 
procwieee ope re ting on 10-100 yeer time ecelee. 
taking tht land Ice, CO} and vegetetion chengee 
from 13 K to todey aa alow (or at leeet epeclfied). 
The globel meen radiative forcing due to the dif- 
ference in UK and today 'e orbital paremetere ie 
negligible compered to the other forcing eum- 
marUed in Fig. U, The feedbeok fector for the 
fast (aeter vepor. cloudc, eee toe) prooeeeee le 

f(f..t proo.....) ■ # t Ji™ , ™ mk , ) «•) 

AT(totel) le -3.7*C for the CL1MAP boundery con- 
dition! , but My be ~3 a C, if CLIMAP low letitude 
ocean tempereturee are l*3 a C too werm. Uelng 
the nomine* CLIMAF boundery condltlone and 
tntarmediete eetlmatee , for ATj - 0.4. 
ATcOi " And AT V - 0.3. yfelde fCfcct pro- 
oeeeee) * 3,4. Uelng AT(totel) * 3 a C end thee* 
nominal radiative forcing! yielde f - 3,3. 
Allowing for the more extreme combination* of the 
forcing! and AT(total), we oonclude that 

fCfeet prooeeeee) - 3-4 (10) 

Thte feedback feotor, f - 3-4. correeponde to 
e cllmete eeneitlvity of 3.5-3'C for doubled CO;. 
Note thet thle reeult le Independent of our olimete 
model eeneitlvity: It d«,?cndc on the total AT et 
UK (fiaed by CLIMAP) end on the eeeumptlon thet 
land ioe, CO) end vegetetion ere the only major 
clotty changing boundery condltlone. Of coerce 
com* vegetetion end CO* faedbcokc may occur in 
late then 100 yeere but for projecting future oli- 
mete It le normal to take theee ee epeclfied boun- 
dery condltlone* 

Finally, note that e given eeneitlvity for fee', 
feedback prooeeeee, eey 4*C for doublid CO2, 
doaa not meen that the olimete neoeeeerlly would 
werm by 4'C In 10 or even 100 yeere. Although 
weter vapor, oloud end aee toe feedbecke reepond 
repldly to olimete chenge, the epeed of the cll- 
mete rceponcc to e changed forcing depende on 
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rig. 13. Com /I bottom to the global mean temperature differenea betwesn the Wliconiln too no 
ind today 1 ! climate aa sveluated with e 3-D oil mate model tod assumed bound try oondltloni. Tht 
cloud and water vapor porMona were not aeparat»d, but bajed on other 3-D experioente the oloud 
part la estimated aa 10-40 percent of thatr turn. Tha daahad Una for land toa refers to tha 'ai« 
nlmal aslant* mndel of CLE WAP, and tha daahad Una for aaa lea rafara to tha reduowd iaa tea 
cover diaouaaed in tha text. Tha aoltd Una for COj rafara to ACO* * 100 ppn (300 ppm * 200 
ppm) and tha daahad Una to ACOg 50 ppm. 



tha rate at *hlch heat is auppUad to tha ocean 
and on tranaport processes In the ooaan. 

Tranatant Heeponsa 

Su r f s c e R espon a e_Tl me 

Tha time required for the aurfaca temperature 
to approach ita new equilibrium value In reeponaa 
to a change In climate forcing dependa on tha 
feedback factor , f. The following example halpa 
clarify this relationahlp. 

Let the lolar flux absorbed by a almple black-* 
body planet (f £ 1> change suddenly froa T g « 
oT/ to P 0 MP s oTj 4 , with aF << F 0 . The 
rate of nhenge of heat In the climate system le 

dJ£L> . oTj 4 „ oT 4 „ -4 0 T 0 3(T - T|) (30) 

where c Is the heat capacity per unit area end T 
te the timf varying temperature. Since Tj - T 0 
<< T y , the solution la 



T - T 0 ■ <T| - T 0 Ml - exp(-t/» b )J (31> 

where the blaokbody no-feedback e-foldlng time la 

tb ■ o/4oT 0 l . (22) 

For a planet with effective temperature 2*5 K and 
haat capacity provided by Mm of water (aa In our 
3-D experimented tb ta approximately 3.3 yeere. 
Thua, this planet with f ■ 1 exponentially 
approaohaa tte naw equilibrium tempereture with 
e-foldlng Uae 3.2 yeere. 

Feadbacke modify the rasponas time aince they 
come into play only gradually aa tha warming 
occura tha Initial flux of heet into the oceen 
being independent of faadbecka. it la apparent 
that the actual e-folding ttma for a almple miaed 
layer he it capacity ia 

t * ft b <23) 

An analytl-3 derivation of (33) ia glvan in Appen- 
dix A. The proportionality of the mixed layer 
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reeponee time to f la apparent ih rig. It the i- 
foldlng time tor thet nodal, which haa f - 3.1 and 
a 13m mixad leyer. la yaara. 

The asm mix ad layar dapth In our 9-D experi- 
ainii wee ehoaan aa the minimum needed to obtain 
a raallatic eeeeonel cycle of tamperetura, thue 
minimising computer Una needed to rtach equili- 
brluiai However, the global-mean annual-maximum 
mixed layar dapth from our compilation of 
obaarvetlone (aaa above) la -110a, and thue tna 
ieoleted ocean mixed layar hae a thermal reepom a 
tleie of -IS yaara if tna ollraata aanaltlvlty la 4*C 
for doubled COj. Bvan If Uia ollmete aanaltlvlty 
la 3-3*C for doubled CO|i tna (teoleted) mJeed 
layer reaponaa time la about 10 yeera. 

In order to datarmina tna affaot of deap ocaan 
layere on tha eurfaca raaponaa time, it le uaaful 
to axpreee tna heat flux Into tna ocaan aa a func- 
tion of tna dlffaranoa between currant aurfaoa 
tampereture and tna equilibrium tenperatura for 
currant atmospheric compoaltlon. In Appendix A 
we ehow that 

where &T la tna ocaan aurfaoa taraperatura depar- 
ture <rom an arbitrary raferanoe atata and 
AT r «a tna equilibrium tamperetura departure for 
current atmoaphario compoeitlon. AT^d'CO]) la 
tha equilibrium aanaltlvlty for doubled COji for 
our 3-0 dlmata modal It la 4.1*0. P 0 ia tna flux 
Into tna ocaan In tna modal whan CO] la doubled 
and the etratoepherlo tamperetura haa equili- 
brated; our 3*0 modal yialda r 0 « 4.3 W m"l. 

Tha long raaponaa time of tha iaolatad mixad 
layar allowa a portion of the thermal Iriartla of 
tha deeper ocaan to coma into play in delaying 
aurfaoa tempereture equilibrium. Exchange bet- 
waan tha mixed layar and deapar ocaan oeoura by 
maana of convaotlva overturning in the North 
Atlantic and Antarctic ooaana and principally by 
naerly horliontal motion along ieopycr.el (oonatant 
denalty) aurfaoea at lowar letltudee. Reeiiltlo 
modeling of haat parturbationa ia taia rather 
complex, eapeolally alnoa ohangaa of aurfaoa 
heeling (end other ollmata .vertabiae) may alter 
the ocaan mixing. Howavar, «t can obtain. e 
crude eatlmata for tha aurfaca reaponaa time by 
eeauming that amall poaltlva htat perturbetlona 
beheve ae a peaaTva trtoari numarlcal experi- 
mente of Bryen et al (1114) eupport thla aaaump- 
tion. Meeeuremente of trenelent traoara in tha 
ocean, tuch aa tha tritium aprltikled on tha ocaan 
surface by ilmoepherlo atomic taatlng. provlda a 
qu' lUttllva indication of tha rata of exchange of 

ior between the mlxcl layar and tha upper 
if ermocline dee, e.g., Oetlund at al*. 1171). 

*e estimate an effective thermocline diffuaion 
coefficient (k) at each OEOSCC8 meaaurement 
*tet on trim tha criterion that tha modeled end 
observed penetration depths (Broecker at el., 
1980) be equal at each atailon. Tha raeulting 
cliff union coefficient! are wall correlated 




Pig. 14. Raletlonahlp between tha affective 
diffuaion ooaffielant (k) and tha aUbUlty (N>, 
where N la tha Brunt-Veieale frequency) at the 
baee of the winter mixed layer for tha QE08BC8 
tritium atetlone north of N*S. The regreeeion 
line fit (Iq. tt) haa oorrelaUon ooaffielant 0.U 
with the pplme for individual etatione. 



(irtvereely) with tha etabMity et the beae of the 
winter mixed layar (Pig. 14). tn particular, we 
find e correlation coefficient of 0.11 between k 
and 1/N*, where N la the Brunt-VeJeele freouanov 
at the beae of the mixed layar. The global at- 
tribution of N* wee obtained frora tha ocaan date 
Ml of Levltua (lilt). 

The amplrloal relation between k and atabllity, 

k « a ■ 10->/H*. (15) 

and tha global ocaen date aat of Levltua (MID 
yield the global diatrtbutlon of k at the beae of 
tha mixed Uyer ahown in Pig. lie. There le e 
low rate of exchange (k < 0.3 cm* a"*) in the 
eeatern equatorlcal Pacific where upwelling and 
the raeulting high atabllity at the beae of the 
mixed layar inhibit vertical mixing, but rapid 
exchange (k > II ami e"») in the Greenland - 
Norwegian See area of oonvectlva overturning. 

The e-foldlng time for the mixed layer tem- 
perature (tlma to reach 13 percent of the equili- 
brium reaponaa) la ahown in Pig. lib. Thie le 
calculated from the geographically varying k and 
annual -max! mum mixed layar dapth, eeauming e 
eudden doubling of COj and an equilibrium een- 
aitivity of 4.3»C everywhere. The (13 percent) 
reaponaa tfmc la about 10-10 yaara et low lajitu- 
daa. where the ahaltow mixed layar and amall k 
allow tha mixed layer teeipereturaa to come Into 
equilibrium relatively quickly, At high latltudee, 
whara tha deap winter mixad layar and large k 
reeult in a larger thermal Inartla. the reeponee 
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Fig . 15. (a) Geographic distribution of effeo- 
tlve thermocline diffuiton coeffioient, k 
{cm2 s -l )( k | 9 ^irlvtd from Eq. 25 and the glo- 
bal distribution of the tetter obtained from 
the ocean dau or Levltue (1812) • (b) Geogrephic 
distribution of the 63 percent raaponaa time for 
•urfece tempereture raaponaa to doubled CO] In 
the etmosphere. Only geographlo variability of k 
and mixed layer depth are acoounted for. 
:.T e ,j(2 v C02> is taken ee 4,]*C everywhere. The 
flux into the ocean ie from Eq* (24). 



time l« about 200 -400 yean. The time for the 
global tree -weighted mixed leyer tempereture to 
reach 63 percent of its equilibrium reeponae le 
124 yeert. 

We eettmete an equivalent k for uee In e globel 
'l-D model by choosing thet value of k vhlch fite 
the globel dree -weighted) meen pertur^etlon of 
the mixed layer tempereture aa e function of time 
obtefned with the above cetculetion In which k and 
mited uyer depth very geographically . We find 
that k - i cm2 «-l provides a reasonable global 



Response to mi ism Or ,o«ng of CO, 
(equifaCMum sene* ivity » a ?*C) 




Yeof* 



Vli* It Tranaienl raaponaa to atep funotion 
doubling of etmoepherio CO} from 31) ppm to 630 
ppm, computed from (24) with three represen- 
tations of the oceen* The 63 ra mixed leyer 
oo rree ponds to the mean mixed layer depth in the 
3-0 experlmente. no ■ ie the globei-mean annuel 
maximum nixed leyer depth obtained from global 
ooaen dete. The curves Including diffusion 
baneeth the mixed layer ere not exponantlala 
(Appendix A).. 



fit to the eree-wnighted local oeloulatione for 
either e etep funotion ohenge of COj or exponen- 
tially increeelng COe amount. Other anelyeee of 
the trecer date yield empirioel valuee or 1-2 cm* 
e*» for the effective rete of exohenge between 
the mixed leyer and deeper ocean (Broeoker et 
el*. 1910). 

The deley time due to the ocean thermal inertia 
ia grephicelly displayed in Fig. 16. Equetion (24) 
providee e good epproximetion of the time depen- 
dence of the heet flux into the ocean in our 3-0 
olimate experiment with doubled C0 2 , aa ahown by 
comparleon of Ftge. 3b and 16. Nota thet in our 
calculation with a mixed lever depth of 110 m, k • 
1 om2 9 "1. and aT^ « 4. PC. The time required 
to reeoh a reeponee^of 2.63*C ie 102 yeere. Thie 
Ie in rough agreement wtth the 124 yeere obtained 
ebove with the 3-D calouietton. 

The ocean daley time le proportionel to f for 
en teoleted mixed leyer (eq. (23) and Appendix 
Al. but depenJe more etrongly on f if mixing into 
the deeper oceen ie included. Our 1-D celoule- 
tion with k * 1 em* a" 1 and mixed leyer depth 110 
m yielde an a-folding time of SS yeere for AT tq * 
3*C and 27 yaere for aT cq • 2*C. Thue our 
oceen res panes time le consistent with that of 
Bryan at aJ. (1912). who obtained e reeponee time 
of ebout 23 yeere for e cllmete modal with een* 
altivity -2»C for doubled COj. 
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*1 though our cik'umtnni were made with t 
simple diffusion model, tht cuftclualun that me 
oceen eurfece tempereture reeponse time la highly 
nonltnetr in aT eq (or f) it cleirly more gtncril. 
The surfece responee time Incresses fester then 
Uncerly with f when tn* deeper oceen is included, 
beceuee es f incressee greeter oceen depthe come 
Into play. Thus more reelletio modeling of oceen 
transport pruceeaee ehould not modify theee 
cunclueion* for tmell cllmete perturbetlona. 

Our ceicuiatione of oceen response time 
neglect ocean tfirculetlon feedbeoka on olimete. 
The relationship between k and stability, equetlon 
(25), providrs one wey to exemlne the tern* 
pereture feedbsck. By ueing that reiitlon with 
our 1-0 ocean diffueion model, we flrwS Uiet the 
time required to reach e given traneient raaponte 
Is decreased, typically by eeverei percent. Reel 
oceen traneporta mey be more eeneltive to eur- 
race terming, as well ee to releted meohanlsme 
such as melting of tea ice and ice eheets and 
changing winds, precipitation and eveporetion. tt 
is eesy to construct scenertoe In which tht ocean 
feertbecks aro much greater, eapeclelly In the 
erees of deep weter formetion, but not enough 
information is eveileble for relieble calculetlon of 
oceen'climete feedbacks. 

Finally, we note thet the oceen eurfece thermal 
response time reported in the lltereture genereliy 
has been 8-21 ytare (Hunt and Welle, 1979; 
Hoffert et eh, 1940; Ceae and Ooldenberg, 1911 j 
Schneider and Thompson, 1911: Bryan et aJ.., 
19H2). The 3-D ocean model reeult of Bryan et 
•I, Is consistent with our model when we employ a 
climate aaneitlvtty of 2*C for doubled C0 2 . aa 
noted above. The dlscreDanoy between our model 
response time and that' of the other models arlsae 
from both the climate sanslti vitlee employed and 
the choice of ocean model pereme;ere. Key para- 
meters are: mixed leyer depth (we use 110m 
aince any depth mixed during the year ehould be 
Included), rate of exchange with deeper oceen 
(we use diffusion with k » 1 cm' e -1 , the mini- 
mum global velue suggeeted by trenetent tracere, 
cf,, Broecker et a)., 1990) and the . etmosphere- 
oceen heet flux (we use (24) which hae initial 
value 4*1 w m~? over the ocean eree for doubled 
COj and is consistent with other 3-D models). 
Obviously the use of * 1-D box-dtffuaton model la 
a gross oversimplification of ocean traneporte. 
\s an Intermediate step between this and a 3-D 
ocean generei circulation model, it mey bt 
valuable to study the problem with a model which 
ventila;es the thermocllne by means of traneport 
along Mopyunel surfaces. The agreement between 
the results from the 3-D ocean model of Bryan et 
el. and our node! with a simller cllmete sen- 
sitivity suggests that our epproach yields a 
response time of the correct order. 

Impact, on E mpt r lc a l.ty.-De r i y ed_Cl I mat e Sensitivity 

The deley tn surface tempereture response due 
to the ocean must be included if one attempts to 



deduce climate aanaltiviiy from empirical dele on 
time acalta of order 10 2 yeara gr lass. Further- 
more, In auch an analyala It muat be recognized 
that the lag caused by die ocaen la not a 
constant, Independent of climate eeneltivlty. 

Wa computed the expected warming due to 
increase of COj between 1150 and 1910 ae a func- 
tion of the equilibrium climate eeneltivlty. 
Results ere ehown in Fig. ITs for five cholcee of 
the 1850 COj abundance (270*20 ppm), with C0 2 
Increeaing llneerly to 31$ ppm In 195? and then 
baaed on Keeling et el. (1912) meaeurmente to 338 
ppm In 1910. For simplicity a one-dimenelonel 
oceen wee employed with mixed leyer depth 110m 
end k * 1 cm' a"». However, we obteined e prec- 
ticeliy Identical graph whan we used e simple 
three-dlmeneionel oceen with the mixed leyer 
depth verying geogrephioalty according to the data 
or Levltus (1912) and k verying as in Fig. 15s. 

Uss of Fig. 17a la aa follows. If we take 270 
ppm aa the 1950 CO] abundance (WMO, 1913) and 
eeaume that the eatimattd global warming of 0,5°C 
between 1150 and 1990 (CDAC, 1913) wae due to 
the C0 2 growth, the Implied climate eeneltivlty la 
4"C for doubled COj (f ■ 3-4). Reaulta for other 
chotcae of the 1950 CO] abundance or globel 
werming can be read from the figure. 

Undoubtedly eome other greenhouee gaaes aleo 
have incrtaacd In the paat 130 yeara. Chi or o- 
fluurocarbone, for example, are of recant anthro- 
pogenic origin. CHj and N 2 0 are presently 
lncraeetng et retee of 1-2 percent yr" 1 and 
0,2-0.3 percent pea yr" 1 , reepectlvaly (Ehhelt, 
et al., 1993; Wales, mi; CDAC, 1993). Wa eetl- 
mete the in flu* nee of theee gaeee on the empirical 
climate eeneltivlty by ueing the treca gae ace- 
nerioe In Teble 4. Although the CH 4 and NjO 
hlatorlee are uncertain, the chlorof luorocarbona 
provide moet of the non-COj greenhouee affect, 
et leeet In the paat 10-20 yeere (Lecie et al,, 
1991), and their releaee retee are known. 
CH 4 mey have Inoreeeed elowly for the pest 
severel hundred yeare (Creig and Chou, 1982). 
but the reported reta of inoreaee would not 
effect the reaulta much. O3 la also a potent 
greenhouee gas, but information on It e paat 
history la not adequete to permit lte affect to be 
Included. 

The cllmete eeneltivlty implied by ths eesumed 
global werming eince 1950, including the effect of 
trece gesea in addition to CO?, la shown in Fig. 
17b* If the 1950 C0 2 abundance wae 270s 10 ppm, 
aa concluded by WMO (1993), e werming of 0.5*C 
requtree * cltmete eeneltivlty 2.5-5°C for doubled 
CO2. The range for the implied climate sen- 
sitivity increeeee if uncertelnty In the emount of 
werming la aleo included! For example, a 
werming of 0.4~0.6*C and an 1850 COj abundance 
of 270tl0 ppm yield e climate eeneltivlty of 2-7*C. 

Although other cltmete forcinge, auch aa vol- 
canic aeroaols and solar irredlance, may affect 
this anelyels, we do not neve information edequate 
to estebllah aubetantielly different megnltudea of 
these foroinge prior to and eubeequent to 1850. 
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EipiClid Wgrmmg m 1850-1980 due to CO* 
Oft Function of EovUtbnum Climate Sensitivity 



CO, in 1850 




5 6 
AT eq {2«-C0 2 ) 



C 10 



(a) 



i 2 
•C 

10 



E«pec»ed Wormmg .n 1850 -1980 due fo CO* 8 Tract Goifl C °t '? 50 

(ppnij 

ot Function of Equilibrium Climate Sensitivity 




AT eq (2*C0 2 ) 



Fig. 17. Computed glofetl warming between LflSQ and 1910 ae ■ function of the equilibrium climate 
aenaltlvlty for doubled C0 2 (715 ppra ♦ 630 ppn) t AT tq (i»C0 2 ). Reiulte en ehown for five 
values of the wsumed ebundence of CO] In M5Q; the iheded tree covers thi range 2702 10 ppm 
recommended by WMO (1983). (a) include! only CO; growth, while <b) alio Include a the trace gee 
growthe of Table 4. in all ceeee COj increaaea linearly from the 1850 abundance to 315 ppn in 
1958 and then according to meaeurementa of Keeling at al. (1912). 
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TAHLK 4. Trie* gas sbundences employed in our 
csleulsttons of the transient climste reeponee for 
figs, 17b md 19* C0 2 Increases Unsa rly for 
1950-1958 and a* observed by Keeling et *1. 
(1912) for 1959-1990; jCOj Increesee about 1 per- 
cent yr J in the future. The chlorofluorocerbon 
ebundencei ere based on eetlmeted releeee retee 
to dete, 150 yeer end 75 yeer lifetimes for 
CC1 2 K 2 end CCI3F, reepectlvely. end conetent 
future emissions et the meen releeee rete Tor 
1971-1990. The CH4 Increeee le shout 1 percent 
yr~ l for 1970-1980 end 1.5 percent yr"» after 
1990. The NgO increeie la 0.2 percent yr'l for 
and 0.) percent yr'l efter 1990. 
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larger than obtained by COAC (1993) from analysis 
of uie same Urn* period (1950-1310) with the seme 
assumed temperature rise, The chief reeaon la 
that CDAC did not account for the dependence of 
the ocean response time on climate eeneltlvtty 
(equation (23) And Appendix A], Their choice of 
a 15 year reaponse time, Independent of &T fl q or 
f, biased their result to low sensitivities* 

wo conclude that tne commonly assumed empiri- 
cal tempereture increase for the period 1950-1990 
M.5*C/ suggests a climate sensitivity of 2.5-5°C 
(f«2-4) fur doubled C0 2 . The significance of this 
tf.j-rlunion is limited by uncerteintiea in peat 
atttoapheric composition, the true global mean 
tamper ature change and its cause, and the rate at 
wmch the ocean lake* up heat, However, 
Knowledge of iheie fectora may improve in the 
fjtjpe, which wilt make this e powerful technique 
for investigating climate sensitivity. 

Orriwing fiap Between Current end Ko/ijltbj^ium 
< hm«t*> 



One Implication of the long eurfece tem- 
perelure response time la that our current cli- 
aute nay be aubatantially out of equilibrium with 
current etmoepherlo oompoaltlon. aa a raault of 
the growth of atmospheric COg and trace gases 
during recent decades. For exemple, In the teet 
95 yeere CO] Inoraaaad from 915 ppm to 340 ppm 
and the chlorof Ipurocsrbons from nesr aero to 
■their preaent abundance* Since the growth rates 
Increased during the period, the gee added during 
the paat 25 yeere hee been preaent on the 
everage about 10 yeere* 10 yeers la ehort com- 
pared to the eurfece temperature response time, 
even If the climate sensitivity le only 2.5*C for 
doubled CO]. 

We llluetrete the magnitude of this dlaequill- ^ 
brium by making some calculations wllh the l-D 
model specified to give the climate eenalllvity of 
our 3-D modal. 4*I*C 'or doubled CO], and with 
the chenglng etmoepherlo composition of Table 4. 
Fig* 19 ehowe the modeled eurfece tempereture 
during the past century (1) for Instant equili- 
brium with chenglng atmospheric composition, (2) 
with thermal leg due to the mixed leyer included, 
and (3) with the the rmocllne'e heat capacity 
Included via eddy diffusion. 

We infer thet there la a large and growing gap 
between current climate and the equilibrium cli- 
mate for current etmoepheric compoeitlon. Based 
on the estlmete In Fig. 19, we already have In the 
pipeline e future additional warming of almost tf 
l*C, even If CO] and trace geeea cease to 
increaee et thle time* A warming of this magni- 
tude will elevete global mean tempereture to e 
level el leeet oompereble to that of the 
Altithermel (NA3 , 1975, adapted in Fig. 1 of 
Hansen et el., 1994) about 9*000 yeere ago, the 
wermeat period In the paat 100,000 yeers. 

The rete of wermlng computed efter 1970 le 
much greater than In 1950-1990* Thla Is because 
(1) ACQ* U -0.4 ppm yr"l In 1950-1960, but >1 
ppm yr"* after 1970, and (2) trece gases, espe- 
clelly chlorofluorocarbona, edd aubeten^elly to 
the wermlng efter 1970. The eurfece warming 
computed for the period 1970-1990 le ~0*25*C; this 
la almoat twice the standard deviation of the 
5-yeer-emoothed globel tempereture (Hanaen et 
el., 1991)* But note thet the equilibrium tem- 
pereture Increeeee by 0.75 a C in the period 
1970-1990. if the climate sensitivity la -4°C for 
doubled CO]. Thua our calculations indicate that 
the gap between current climate and the * 
equilibrium cllmete for current etmoapherlo com- 
position may grow rapidly In the immediate future, 
if greenhouse geeee continue to increase et or 
neer present retea. 

Aa thin gap grows, Is It possible that e point 
will be reached et which the current cllmete 
"jumps" to the equilibrium cllmete? If exchange 
between the miaed leyer and deeper ocean were 
reduced greatly, the equilibrium climate could be 
approached In as little ee 10-20 yeers. the relax- 
ation time of the mixed leyer. Indeed, the stem- 
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14. Global mean warming computed for the 
C0 2 and trace ges acanarioa in Table 4, 



lity oi the upper ocean iayera aaema UMaly to 
tncreese aa the greenhouae warming heata the 
ocean surface, especially If the warming laada to 
an increaaed melting of ice which adde fraah 
water to the mUed layer. Regiona of deep-wetcr 
formation, such aa the North Atiantio Ocean, may 
be particularly eensitive to changee in aurface 
climate. However, it la difficult to predict the 
net effect of greenhouae warming on ocean 
nuing. becauae change! of precipitation, evapora- 
tion and atmospheric winds, In addition to tem- 
perature, will affect ocean mixing and transport. 
If possible, it would be useful to examine 
paleoelttnate records for evidence of sudden cli- 
mate warmings on |n-20 year time scales, since 
there may neve been case* in the pest when the 
long thermal response time of the ocean allowed 
gaps between actual and equilibrium cUmatea to 
h>tiid op. 

Ev..n if it does not lead to a dramatic Jwmp to 
a ew .Militate Mate, the gap between current cil- 



mete and lha * equilibrium climate for currant 
atraospherle compoeltlon may have important clima- 
tic effacta as it grow a larger. For example, it 
aeeme poeeible that In the summer, whan aonel 
winds are wsak, eontlnsntsl rsgions may tend 
partly toward their equilibrium climate; thus 
osusing • rslstivsly grsatcr wsrming in tnst 
sesson. Also, in axamlning the olimata effacta of 
recant and future large voloanoaa, such as the 
1M1 Bi Chichon eruption, the cooling sffsot of 
strstospherlo aerosols must be comparsd to ths 
warming by trace gases which hsvs not yet 
sehieved thslr tquUlbriusi effsot; It ia not 
obvloua that a globe! cooling of eeveral tantha of 
a degree (Robook, 1113) in ould actually be 
expected. These problems should be studied by 
uaing a global modal In which the atmoapheric 
composition changaa with time In aocord with 
maaaurementa, an J In which the atmoaphare, land 
and ocean eaoh have raaliatlc response timaa. 

Sut.-Tsry 

Clima te Sensitivity inferred from 3-D Modsja 

Our analyaia of climate faadbacka In 3-D 
SS?i? l # Pplntt gironily toward a net olimata feed- 
back rector- of f - 8-4 for proceaaaa operative on 
10-100 yaer time tcalee. The water vapor and 
aaa ice faadbacka. whioh are believed to be 
reasonably wall understood, togsthsr produos a 
feedback f - I. The olouda In our model produos 
i feedbeok factor -1,3. increcaing the net feed- 
baok to f * 3-4 aa a raault of the nonlinear way 
in which feadbeoke combine, 

Preeent information on cloud prooaasaa la ina- 
dequete Jo permit confirmation of the cloud fssd- 
bsck. However, some sspscts of ths cloud 
changea In the modal which contribute to the 
poaltiva feedback appear to be raaliatlo, e«g«, 
the Incresss In tropical ctrrua cloud cover and 
the increaae of mean cloud altitude in conjunction 
with more panel reting moist convsctlon in a 
warmer climate* It aaema likely that clouds pro- 
vtds M Issat a email poaltiva fssdbsok. Mors 
realifitio cloud modeling, as verified by detailed 
global cloud obaarvationa, Is crucisl for 
improving sstlmatea of olimata aanaitivity . baaed 
on climate modela. 

Cl imate S ena ltlvlty 
Data 

Analyaia of the prooesass contributing to the 
cooling of the lest les age shows that feedbaeHs 
provide most of the cooling. The paleocllmata 
atudiae aarve aa proof of the importance of feed- 
back proceaaes and permit quantitative evaluation 
of the megnnude of certain fcedbaoka. The 
CLIMAP data allow ua to evaluate individually the 
magnitudes of ths isnd ioe it - I. 1-1.1) and aea 
ice (f - i.l) feedbacka for the climate change 
from UK to today, and to aatabliah that the vege- 
tation feedback was smaller but sighif leant Cf - 
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.t.OJ-I.I). 

We obtain an emptrleil entmete of f • 3. 5- J 
i or the fist feedback processes (waler vapor, 
clouds, lea Ice) it UK by eesumtng that the 
mejor radiative feedback proceaeei hive been 
Identified (is aseme liksly from consideration of 
the radiative fictori which determine the plane' 
tiry energy balance with ipici) and grouping the 
• low or specified changes of the Ice eheeti and 
COj aa the principal climate forclnga. This estl- 
mata for the fast feedback factor is conalatent 
with the feedback In Our 3-D model experiments, 
providing support that the modj! eenaltlvity la of 
the correct order* 

The atrength of the feedback processes at ISK 
impllee that only relatively email climate forcings 
or fluctuatloni are needed to oeuee glecMl to 
Intergleclal cllmata change. We do not try to 
identify the sequence of mechaniima of the glacial 
to int&rgl'cle'i changes, but it aeeme likely that 
both the direct effect of aolar radiation (Ullan- 
kovltch) changes on the planetary energy balance 
and tfkluced change a of atmospheric composition, 
especially COg. are involved. 

Cli m a te Sensi tivity Inferred , from _ Re cent 

Tempe re lure Trends 

The temperature Increase believed to heve 
occurred in the paat 1)0 yeara (~0.S'C) implies a 
climate sensitivity 2.5-VC for doubled CO; (f ■ 
2-4). if (1) added grssnhouss gaaea are respon- 
sible for the temperature increase, (2) rhe 1850 
CO] sbundencs was 2TQM0 ppm, and (3) the heat 
perturbation Is mixed like a paaslva tracer in the 
ocean. This technique Inherently yields a broad 
range for the inferred climate eenaltlvity. 
becsuse the reaponse tine for the ocean 
increases with Increasing climate sensitivity. 

Tnus the 3-D climate modal, the 18K atudy and 
the empirical evidence from recent temperature 
trends yield generally consistent satlmstas of 
climate sens ill v1i> . Our best estimate of the 
equilibrium climate aenstsivity for processes 
occurring on the 10 - 1 00 year time acale Is s glo- 
bal mean warming of 2.5-5*C for doubled C0 2 . 

f ran a tent Climate Response 

The rate at which the ocean sur.'ace can take 
up or release heat la limited by itw fact that 
feodheckd come into play in conjunction with cli - 
male change, not ln c conjunction w'th cllmata 
forcing. Thus the (isolated ) ocean mixed layer 
thermal relaxation time, commonly taken as 3-* 
yosrs. muni be multiplied by lha feedback factor 
f. this, in turn, allows the thermsl Inertis of 
deeper parts of the ocesn to be effective. If tha 
equilibrium climate sensitivity is <-4*C for doubled 
C0 2 end if small heal perturbations behave like 
observed passive trecere, the response time of 
surface ttmpenture to a change of climate 
forcing is of order 100 years. If the i*iuiilbrlum 
sensitivity is 2.S°C. this response time is about 



40 years. 

We conclude» baaed on the long surfsce 
tsmpersture response time, Uist there la a large 
growing gap between current climate and the 
equilibrium climate for currant atmoapheric com- 
poaitlon. Our projectlona Indicate that within a 
few daeades the equilibrium global temperature 
will reach a level well above that which has been 
experienced by modern man. 

Is there s point st which the ptrturbstlon of 
surfscs cllmsta will be Jsrgs enough to aubatan- 
t\*\*.y affect tha rate ot exchange of heat between 
Vie mixed layer and deeper ocean, poaslbiy 
cauaing a raptd trend toward the equilibrium cli- 
mate 9 This question la similar to one asked by 
Repressntstivs Oore (1912): "Is there a point 
where we trigger the dynsmlcs of this 
(greenhouse) proceea, and If so, when do we 
reaoh that stage?", with present understanding 
of the cllmata syatem, particularly phyeicei 
oceanography, we can not answer lht?e questions. 
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Appendix A: Influence of Feedbscks on 
Transient Reponse 

Consider s planet for which the sbsorbed frac- 
tion of incident solsr rsdiation (1 mlnua albedo) 
ia a linear funcMon of the temperature, say x ♦ 
vT. If the planet emlta se a blackbody ita tem- 
perature is determined by the condition of radia- 
tive equilibrium 

»e«o * oT o 4 (An 
with s 0 the mean aolar irrsdisnce and » x*yT 0 . 
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Now auppnae the aolar trrediance ohangea 

auddenly by • anail mount At. At tht new 

equilibrium 

(• 0 ♦ AtXtg ♦ oa« q ) ■ o(T 0 ♦ flT iq )« . (A2) 

Neglecting aecond order ttrmt (aince 41 « a ft ) 
and ueing yield 1 9 



aaa 0 ♦ a 0 Aa e „ • 4oT 0 3 aT, 



(A3) 



■o Al eq 

If there ware no faadbaoka (Aa eq « 0), the tin- 
pereture chinge at equilibrium would be 

aT, q (no ftedbtckt) j 6 T a «^S, . <A4) 

Thut we cm rewrite (A3) tt 

ftT eq « 4T 0 ♦ g4T tq (A5) 

where 



?« • F 



(A10) 



whtrt 0 ia the hett capacity per unit ertt. If 0 
it conitant (t.g. t mUtd ltytr without diffusion 
into deeper ltytrt). the tolution it 



AT • oT eq Ci 



exp(-t/t)>. 



• f -< 



55? - ft > 



(All) 



(Aia> 



whirt r b li tht no-ftedbtok a-folding time 
lEquetion (33)1. 

Finally, nott that theat reaulta ara much more 
general than lha apeolflo mechanism we choae for 
the feedback, which waa only uaed aa a concrata 
example. It ia apparant from the above that the 
only aaaumption requlrad ia tha Unearitatlon of 
the feedback aa a function of temperatura. 



Jip&ie^ toy 
8 4ofPAT" tq 4<jf^ 



(A6) 



L'aing tha relation between gain g and feadbeok 
factor f. M/(l-g), aquation (A3) beoomea 

41*, • fAT 0 (A7) 

La., the equilibrium tamperature change exoeeda 
the no-faedbaok equilibrium temparature change by 
the factor f. 

The heat flux into the planet aa a funQtlon of 
time ia 



¥ = Aa* 0 ♦ a 0 aa - 4oT 0 5 aT 
- 4oT 3 * ur 0 ♦ g&T - A T) 



(A8) 



whore 



F 0 1 ««T 0 a aT 0 * Aaa fl 



(*9) 

I* the flux into tne planet at t s 0 (i.e., when AT 
x r Thua the initial rate of warming ia indepen- 
dent of me feedbacka. 

The temperature of the planet aa a function of 
time is determined by the equation 
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Mr. UoHR. Well, thank you. Thank you very much. 

Well, we've got an interesting range of opinions here. The EPA 
says its too late to act. The NAS says it's top early to act, and the 
Friends of the Earth say it's time to act. [Laughter.] 

Our natural inclination in political systems is to side with those 
who say it's too early to act. That's just the political inertia that's a 
fact of life around here, and I assume in other countries as well. 
But let me try to draw you out, Dr. Malone, on why you all say it's 
too early to really be overly concerned about this. 

Mr. Malone. Mr. Chairman, one of the compensations of grow- 
ing old is that you live through experiences. I have lived through 
the ozone depletion experience, and I recall a few years ago stri- 
dent voices being raised that we should do something; there was a 
pending catastrophe. If we didn't, the human race would suffer. 

The Academy has been preparing reports on this over the past 
decade, and the best estimates of the depletion of ozone by all these 
has dropped from about 18 to 9, and I think within the past week 
it's down to around four, and this came as the result of increased 
knowledge— not stupidity back there, but increased knowledge. 
This is the plea we're making, is to build that knowledge in so that 
when we do act, we will be acting on a firm intellectual and scien- 
tific basis. 

Mr. Gore. Well, looking at the ozone precedent, I know there 
was a recent revision in the last week or so, but wasn't that essen- 
tially on target? I mean, the concern was essentially justified, 
wasn't it, and action was taken. Congress acted, I know. There was 
a change in the usage pattern, and I thought that that concern was 
essentially justified, wasn't it? 

Mr. Malone. I don't think it was. I don't think the action taken 
is what has reduced the 

Mr. Gore. Oh, well, I didn't mean to imply that, although I think 
that's open to argument as to what effect it had. It's probably quite 
small but, coming back to the central point, the concern that was 
expressed over the ozone and halocarbons was essentially correct, 
wasn't it? 

Mr. Malone The models at that time overestimated the impact 
of the various things that go into the stratosphere, and as the 
knowledge has grown and the models have improved, the estimates 
of this impact have steadily declined so that it is much less a formi- 
dable problem today than it was 10 years ago. 

Mr. Gore. But still formidable, correct? 

Mr. Malone. Well, I think that's beginning to be open to ques- 
tion. 

Mr. Gore. Really? 

Mr. Malone. If you're talking about a 2- to 4-percent decrease 
and you look at the normal noise level in the ozone content, you're 
getting down to where you can hardly measure that. I don't mean 
to belittle the ozone problem. 

Mr. Gore. I thought that's precisely what you intended. 

Mr. Malone. No. I'm simply saying that it is an illustration of 
where, if all the recommendations had been followed when the 
issue was first raised, we would have been acting on incomplete in- 
formation which has only recently become available. My case is not 



ERLC 



163 



160 



on the ozone but on the desirability of having adequate information 
on which to base action. 

Mr. Gork. The old saying is that the better is the enemy of the 
good, and the best is the enemy of the better, If, in fact, we are in a 
time where action must be taken soon in order to prevent worse 
damage than is already locked in, then a decision to hold off any 
sort of action or planning for action, pending much better informa- 
tion, is not a value-neutral decision, It is one that has consequenc- 
es, just as a decision to act would have consequences. 

What I really -want to get at, and we can leave open the discus- 
sion of the ozone thing— I agree with you that it's not the central 
point here, but you brought it up. I wanted to make the point that 
essentially the judgment made there was correct, even though the 
estimates were high in the beginning. But on the greenhouse effect, 
you all seem to take a very benign view of the impact of this phe- 
nomenon, and I don't quite understand fully why. You say that the 
temperature will probably go up between 2 and 8 degrees. Is it that 
that doesn't sound like much? 

We heard earlier testimony from the panel just before this one 
•that looked at the ice ages, for example, and demonstrated that the 
. ice ages were caused by a temperature differential in the same 
order of magnitude — a few degrees — as what we're talking about 
here. We heard testimony about it not being a linear problem 
where the changes are just gradual and it just seems like a couple 
of degrees warmer each day on average, but rather the problem is 
one where the equilibrium point of the world climatic system 
changes probably— may change — in radical ways to produce a total- 
ly new equilibrium point with totally new patterns in rainfall, 
drought, climatic patterns affecting a whole range of human activi- 
ties. 

Why is it that you look at a temperature rise of 2 to 8 degrees 
and take a rather relaxed viewpoint, a rather relaxed attitude 
toward it, when others look at the very same temperature rise anc 1 
see a pretty dramatic set of consequences flowing from that? 

Mr. Malonk. Well, Mr. Chairman, if I have conveyed the impres- 
sion that we do not take seriously a 2 to 8 degrees Fahrenheit 
change in world temperature— and you will recall that that means 
about three times that in the polar regions, which would affect the 
storm tracks— I have not communicated our concern properly to 
you. This would have a serious effect. It would affect our Midwest. 
It would affect the coastlines. OOr point simply is that there are 
sufficient uncertainties about this, and the way is open to minimize 
those uncertainties, and that is the desirable course of action for 
the immediate future. 

We published back' in 1977, under a committee I chaired, a report 
that I think you're familiar with that Roger Revelle really put to- 
gether on energy and climate. We were one of the fairly eariy ones 
to identify this problem, and our emphasis has been continually on 
acquiring the kind of information upon which intelligent action 
can be taken to forestall or to adapt, and there is a basic philosoph- 
ical difference here between those who say, "What we have now is 
what we want. Anything to change that is automatically bad/ 1 

Now on agricultural productivity, if you look at the gains in agri- 
cultural productivity over the past 20 years, which have been fan- 
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tastie, they show all the promise of being able to adapt to the kind 
of changes which would take place regionally under the scenarios 
that are being developed. It is the capacity of our system to adapt 
to these new conditions at a rate which compensates for the 
changes that is the important issue. 

Mr. Gork. OK. Now let me try to sort that out. First of all, I 
don t disagree, and I doubt that anyone who has looked at this 
issue carefully would disagree with vour call for better informa- 
tion—more research, a refinement in our' understanding of the 
problem. I am in total agreement with you there. Yes, we need to 
do that. f 

Now, second, there is indeed a philosophical issue here and the 
choice between adaptation and a decision to try to forestall these 
changes, if it turn's out to be possible to do so. That choice is affect- 
ed more than anything else by the attitude of the scientific comrnu, 
nity toward the consequences of this thing taking place. If the sci- 
entific community says, "It may not be so bad; genetic engineering 
of plants may make it possible to grow things in the desert"— and I 
am exaggerating there, but it may not be so bad— then that speaks 
to that philosophical issue. 

It seems to me that the tone of the NAS report comes down on 
the side of adaptation. Figure out how to most efficiently evacuate 
60 percent of Florida, 40 percent of Florida. Figure out how to 
adapt genetic strains of plants. Do some long-range planning for 
evacuating New Orleans and Bangladesh and San Francisco I 
mean, you can tick off the list. The point I am getting at is, your 
tone and your attitude is something that I don't understand, and I 
want you to help me understand it because it seems like an overly 
benign view of how catastrophic these changes could be which 
could occur. Do you understand the point I'm getting at° 

Mr. M alone. Yes, sir. When we first surfaced this in 1977, I 
made the comment that the report at that time was a flashing 
yellow light, not a red light. It just came out at the time that a 
large energy program was being considered. 

I think the point on which we can converge is the distinction be- 
tween action and planning for action. The first conclusion that I 
read to you was priority attention to long-term options that are not 
based on combusion of fossil fuels. We believe this is a serious prob- 
lem. That's why we spent that much time bringing the best minds 
we could get to bear on this, and a review process which the Acade- 
my has never seen the likes of. The result of this is that we do not 
feel that abrupt action 's required at this time, when we have not 
yet been able to identify clearly a climatic change associated with 
increased carbon dioxide. 

Mr. Gork. Now say that again. Say that last point. 

Mr. Mauink. We have not yet been able to identify changes in 
the climate that are unmistakably related to increased carbon diox- 
ide. In other words, the normal fluctuations in the climate are suf- 
ficiently large that if there are C0 2 -induced changes they are 
buried in the noise, and one of the purposes of monitoring is to 
detect that as early as possible so that at that time we can press 
the start button. 

Mr. Gore. Well, we had testimony at an earlier hearing from the 
NAS folks which did correlate the CO* increases or appeared to 
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correlate them with a melting or a shrinking of the ice cap in Ant- 
arctica and a ri.se in the sea level over the past 50 years. I know 
you're familiar with that. Am I misinterpreting the import of that 
work? 7 

Mr. MaIcONK. No, You are simply identifying the diversity which 
exists within the scientific community. No one, least of all the Na- 
tional Academy, speaks infallibly. There are those who — compe- 
tent, responsible scientists — who feel that they have detected the 
first signal of a COrinduced climate change. By and large, the con- 
sensus in the scientific community— and the individuals may be 
right and rest may be wrong—but the consensus is that we have 
not yet been able to detect that first signal, 

Mr. Gore. Do you agree with that, Mr. Hoffman? 

Mr. Hoffman, Yes, I think that that is accurate. I think that Dr. 
Hansen's work was showing that the temperature rise that we 
have seen is consistent with the theory that the greenhouse effect 
is taking place. The problem is that you haven't had enough tem- 
perature change for you to be statistically sure that that is the 
case, and you have to understand what people mean when they say 
"statistically sure." Scientists don't operate on the basis of it's 3 to 
1; they don't operate on the basis that it's 9 to 1. Most scientists 
operate on the basis that it's 19 to 1 that this couldn't happen by 
chance, and that kind of test hasw't been met yet. 

Mr, Malonk. Mr. Chairman, ! don't want to convey on my own 
part or on the part of the Academy a sense of complacency on this 
problem. We think that it calls for a vigorous and expanded pro- 
gram of research. It was precisely, to a large extent because of this 
problem that we mounted the climate research program, a thor- 
oughly international enterprise. 

It is in large part because of the need to monitor not only t'.ie 
atmosphere but the biosphere and the oceans that we are moving 
aggressively toward an international geosphere/biosphere program. 
This is our response to an unparalleled geophysical program that 
society is carrying out, with results which we are — with an out- 
come which we are not yet able to perceive in a satisfactory 
manner, but the prospects of being able to do this with added and 
augmented information is something we are completely dedicated 
to. 

I think the distinction is pressing for action or pressing for the 
knowledge upon which to base ac fi on, and we are far from compla- 
cent on pressing for this knowledge on which to base action. We 
are reticent to urge action until that knowledge base is in place. 
Does that ring true with you? 

Mr. (iokk. Well, it s a tough one. It's a tough one. Everybody 
agrees with that. I guess I'm worried that the philosophical choice 
will be made by default, and that the only way we are going to 
avoid choice by default is by having a fully adequate appreciation 
of how severe these consequences are. 

Dr. Kukla testified before our hearing that since the l!)30's a 
band of ice ISO miles wide in Antarctica has melted already. That's 
a lot. That's not speculation. I mean, that's not a theory. I mean, if 
you accept his methodology, that's something pretty dramatic. 
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Mr. Mamjnk. Mr, Chairman, does he maintain that that was a 
result of increased carbon dioxide? I doubt very much whether Pro- 
fessor Kukla would make that kind of a comment. 

Mr. Gore. Well, the record will speak for itself and you and I can 
both review it for the record of this hearing, but 

Mr. Malone, I would be glad to provide you 

Mr. Gore. He said in his testimony that the measurements and 
the melting correlated precisely with what the models, the CO2 
models predicted he would find. Now, you know, that's something. 

But let's move from jvhat has happened in the past to what you 
agree on. You agree, you agree that it's quite likely well see a tem- 
perature increase of 2 to 8 degrees in a relatively short period of 
time and, you know, we can argue about whether it's children or 
grandchildren. Tell me why you don't think that a temperature in- 
crease of 2 to 8 degrees is not going to produce extremely disrup- 
tive, dislocating consequences for our country, for the United 
States? Let's put it in those terms. 

Mr. Malone. Mr. Chairman, I have not made myself clear. I do 
believe that a 2 to 8 degree temperature change would have dra- 
matic effects on our country. I simply am saying that there are 
enough uncertainties surrounding this whole problem, that to take 
action today is premature. We are in complete agreement about 
the potential impact of the kind of temperature rise and climatic 
change that would take place. The question is, when do we push 
the start button? 

Mr. Gore. Yes, but there's a difference between saying— and I'm 
going to get to you, I know you're itching to say something, Mr, 
Pomerance— but there's a difference between saying yes, these 
changes are catastrophic if they are going to occur, but we don't 
have enough information yet to say with certainty they will. That 
is one statement. 

On the other hand you can say things which I thought I heard 
you saying, like, We can adapt to this. Our agriculture has pro- 
duced dramatic breakthroughs over the last 20, 30, 40 years, and 
there is no end to what we could do to adapt to this, and it may not 
be all for the bad. There may be some good things coming out of it. 

You yourself said, to assume that the equilibrium point that we 
now have is the best may be chauvinsitic in some way, and that 
maybe there is some better equilibrium point. 

You see, that's different from saying the uncertainties ought to 
keep us from acting. That is speaking to the philosophical issue 
and implying— unless I'm hearing you wrong— implying that 
maybe the best choice, even if the uncertainties are resolved, 
maybe the best choice would be to just let it happen and hope for 
the best. 

Mr. Malone. Mr. Chairman, you could help me if you could 
share v *th me what you think that action should be. What action 
do you think we should take today? Maybe I agree with you com- 
pletely. What do you think we should do now? 

Mr. Gokk. Well, you know, that's the overall effort of these hear- 
ings, but it would clearly speak to the volume of fossil fuel use. It 
would speak to the benign attitude toward deforestation in the 
world, and it would speak to conservation,* efficiency, and global 
energy policies. Now the range of our disagreement may not be 



.167 



164 



much, but the perception of the problem that we together devel- 
op—and when I say "we" 1 mean the scientific community and the 
political community— may be of the utmost importance. 

It really may be of tremendous importance because, if the as- 
sumptions are correct, then there will be no greater environmental 
challenge facing our global civilization save nuclear winter and it 
may overwhelm our ability to respond. If we have any hope of re- 
sponding in a wise fashion, then the communication between our 
two communities has got to be better than it has been at any point 
in the past. 

You wanted to speak, Mr. Pomerance, and then I will come back 
to you, Dr. Malone. . 

Mr. Pomerance. A couple of thoughts: One is, I don't— I think 
that one of the problems with the "wait and see" attitude, and the 
EPA gets that, that is to say "wait and see/' the assumption of 
"wait and see" is that you can then avoid 2 to 8 degrees, and I 
think the EPA challenges that for the first time in a major way, 
The CEQ did it in 1980, I believe. They challenged the assumption, 
if you wait until the year 1995 before the scientific community 
speaks with a consensus, what do you have to do then to avoid 2 
degrees centigrade? I don't believe that they know the answer to 
that. The NAS I don't think has answered that question, 

The longer we wait, the more C0 2 we are locked into, because we 
are sitting on a very powerful engine, world coal use, If you say, 
"Stop," it's going to take a long, long, long time to stop. It's as 
though, you know, you were going over a rickety bridge in a loco- 
motive. Well, as soon as you think you can stop when the red light 
goes up as you are about to go over the canyon, it flashes stop but 
you've got too much momentum, so you're over the canyon on the 
rickety bridge. It's too late. 

I don't think that, so long as I have watched this issue, that the 
people haven't figured out when they have to begin acting in order 
to avoid a consequence four or five decades later. It appears from 
what EPA said that in fact we're past a good portion — in other 
words, we've already used up a part of that time' and we have 
banked temperature increases that we haven't seen, if Dr. Hansen 
is correct, so we're all behind. In fact, we have made a decision to 
let things warm up. What we haven't done is make a decision to 
try and minimize the warming or let it go on. 

Mr. (}<)KK. Dr. Malone, you all disagreed with the EPA s conclu- 
sion that it was really too late to have any effect, or did you? 

Mr. Malone. Was that the conclusion that you 

Mr. Hoffman. Well, I don't think really that, if you look at the 
work that Bill Nordhause .'id, that he really disagrees with us at 
all. Kssemially both reports show that if you take action, it's going 
to take a long time for the action to work, and that it's only going 
to have a relatively small effect on the amount of carbon dioxide 
that's put in the atmosphere. He actually tests some tax policies in 
his chapter that show that. 

I would like to just correct one thing about the statement you 
made about our reports, which \ we don't make any policy recom- 
mendations in the report. It's j -t purely analysis. We look at what 
happens if somebody decided, it the world decided to have a certain 
policy at a certain date. 
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Mr. Gokk. Yes. 

Mr. Hoffman. Wo don't say whether its good or it's bad. We are 
just saying these are sort of what the future would look at if people 
made these choices. 

Mr. Gore. Yes, but you assume that — you say that some hypo- 
thetical policies that sound very, very extreme— a total ban on coal 
usage 

Mr. Hoffman. Right. 

Mr. Gore [continuing]. You analyze that and say, "It doesn't 
really matter. You could totally ban all coal burning and it would 
only delay the 3.6-degree Fahrenheit rise from the year 2040 to the 
year 205o." 

Mr. Hoffman. That's right, What we found in the study was that 
it won't matter very much in terms of the next 60 years, If you 
look at It and you extend the curve out, by the year 2100 it has a 
very substantial effect, but by the year 2040 it only— the coal ban 
only delays 2 degree warming something like 15 years, if it's fully 
effective by the year 2000. 

Mr Gork. Well, let me see if I can pinpoint the difference be- 
tween EPA and HAS on this. I don't think I'm wrong in saying 
that there is one, buc you ail can correct me if I am. The NAS was 
more cautious in its predictions about non-C0 2 trace gases. Is that 
a fair statement? 

Mr. Hoffman. Well, you see, the NAS didn't make a year-by- 
year prediction of how the temperature was going to rise. The NAS 
report looked at the trace gases and it looked at the C0 2 , but it 
never combined those to simulate how the climate would change as 
the oceans are taking up heat, and I think that's the thing that our 
report did differently. Their report was focused on a much broader 
range of issues— on the agricultural impacts, on lots of other 
things, on whether you needed to look at water resources. 

The "can we delay" study just looked at this one narrow focus: 
What's the time trend of climatic change and what could we do 
about it if we implemented various fossil fuel policies. The reports 
aren't very different. In terms of carbon dixide, in the year 2050, 
for example, the "can we delay" report actually has 15 parts per 
million less carbon dioxide in the air than Bill Nordhaus' mid- 
range estimate. 

Mr. Gork. Well, the impression I got overall of your report was 
that you were saying there is no reasonable step which civilization 
can take which would significantly delay the greenhouse effect. 

Mr. Hoffman. Well, I think that in ;erm.« of what's going to 
happen in the next HO years, I think that that's accurate. 

Mr. Gork. Do you agree with that, Dr. Malone? 

Mr. Malonk. It takes about 70 years to introduce a new technol- 
ogy into society. This is the conclusion that came out of the Hae- 
fule study in Laxenburg. Renewable resources account for about 20 
percent of the world energy supply. To raise that up to something 
like HO percent, 90 percent, would require something on the order 
of 70 years, yes. 

Mr. Gork. So you would agree v ,J h the J . oment that there is 
no reasonable action available to l : * cation which would signifi- 
cantly delay t e greenhouse effect? 
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Mr. Malonk. No. If we— there is no single action. There is a set 
of actions: emphasis on renewable resources; emphasis on solar 
energy; more attention to the vexing problem of nuclear energy. 
It's an array of actions rather than one silver bullet that is likely 
to ameliorate this problem. 

Mr. Gore. But if a set, if that array of policies was somehow im- 
plemented, then it would or could significantly delay the green- 
house effect? 

Mr. Malone. Yes, sir. 

Mr. Gore. So there is some difference in emphasis there. 

We're running way overtime, and I am going to have to apolo- 
gize. Did you want to say something, Mr, Perry? 

Mr, Perry. Well, I simply wanted to point out that if you look at 
the different runs in Nordhaus' paper, the different scenarios, you 
find that some possible paths through the future have rather low- 
yield rather low carbon dioxide concentrations, and these are paths 
associated with the availability of cheaper nonfossil sources, lower 
productivity growths in the economy, et cetera. I think the fact 
that within the confines of his model Nordhaus was able to gener- 
ate some I0W-CO2 scenarios that shows it's possible for the world 
economy to evolve in a fashion that would produce less CO2, so we 
shouldn't despair. 

Mr Gork, Mr, Pomerance, did you want to comment on the issu^ 
that I was discussing here, about 

Mr. Pomerance, Yes, I don't think it was adequately addressed. 
The EPA says we're locked in, basically, to some early portions of a 
greenhouse effect. If you are going to avoid any more catastrophic 
greenhouse effect, you have to move. Every year that you wait 
makes it that much more difficult to do. 

It so happens that the most easily available strategy to begin to 
deal with it has other benefits as well. I mean, it's not— energy effi- 
ciency, which is the major strategy available, is one that there is a 
fairly wide consensus on in the industrial community, the business 
community, and so on. This issue is so big, yet the attitude that is 
being taken is so relaxed. 1 mean, it strikes one as a bit incredible. 
If the mid-range in the NAS in the year 2050 is not far different 
from EPA, it is a frightening prospect, and I think we do have one 
strategy that is available to us which is a massive commitment of 
capital to energy efficiency. We also can do something about some 
of the trace gases which, in fact, the NAS— although saying we 
have more time— does say that we ought to begin there, with the 
chlorofluocarbons, perhaps 

I guess maybe the major missing element in all this is leader- 
ship. If you saw what the President's science advisor had to say 
about this, you might have been quite discouraged after he dis- 
missed it as an important issue. We need leadership, and T happen 
not to think it needs to come from the scientific community. I 
think it needs to come from the political community. 

Mr. Malonk. Mr. Chairman, I do hope that you will continue 
this exchange which has gone today and has gone on in the past. I 
am persuaded that reasonable people will converge on a course of 
action, and I am just delighted that you have called us. If I have 
inadvertently conveyed a sense of complacency on the part of the 
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scientific community, that was not my intent. I am deeply dis- 
turbed by the prospects. 

I think it is a question of how we proceed over the next few 
years. Do we develop and mount a crash program or do we do some 
of the things that have been described here this morning to make 
our knowledge base a little more secure? But I do hope that you 
will keep this dialog going because it is absolutely essential that 
the political decisionmakers and the scientific community, if there 
is such a thing, communicate freely and openly. 

Mr. Gout?. Good. Well, I appreciate that statement very much, 
and I will continue to pursue this issue vigorously. It is a hard one. 
It is really hard, and in a comparable dialog between policymakers 
and their political constituencies this knowledge base is absolutely 
essential. I mean, you talk about such tremendous effects and such 
dislocating responses, if they were implemented, you have to have 
a degree of certainty that is fairly high in order to justify this. 

But in light of the, you know, what I think are unacceptable con- 
sequences, there is a trade-off between the degree of certainty and 
the time for action. Where that point is, we may have already 
passed it. 

We may have already passed it, but a continued dialog is essen- 
tial and I appreciate the work that all of you have done and your 
participation in this issue. I wish we had more time to continue it, 
but we don't. Thank you very, very much. I appreciate it. 

Now we are going to have to have a very abbreviated treatment 
of our final panel, and I hope they will forgive me for this, but the 
room is spoken for right after the end of this hearing. So if Mr. 
James S. Kane, Deputy Director of Energy Research at DOE, will 
come to the witness table, accompanied by Frederick Koomanoff, 
Director of the CO2 Research Division in the Office of Basic Energy 
Sciences, I am going to apologize to both of you for the fact that 
we're not going to spend much time here. 

Mr. Kane, you have a prepared statement, do you? 

Dr. Kank. Yes, I do. 

Mr. Gore. Without objection, we are going to include that in the 
record, and we will have a number of questions in writing. Can you 
respond to those questions in writing? 

Dr. Kank. We certainly will, to the best of our ability. 

Mr. (loKK. In the short amount of time that we have, can you 
summarize the most important thing that you think needs to be 
said at this point in the hearing? 

Dr. Kane. Do I have what, 10 minutes? 

Mr. Cork. Five minutes. 

Dr. Kank. Five minutes? All right, Til try. 

STATEMENT OF DR. JAMES S. KANE, DEPUTY DIRECTOR, ENERGY 
v RESEARCH. C.S. DEPARTMENT OF ENERGY, ACCOMPANIED BY 
FREDERICK A. KOOMANOFF, DIRECTOR. CARBON DIOXIDE 
RESEARCH DIVISION. OFFICE OF BASIC ENEk*. SCIENCES 

Dr. Kank. I have been busily adapting my testimony anyway as 
we wore going along, because so much has been said already and f o 
repeat it would be a wasie of everyone's time. 
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I think I would like to synthesize one thought that I heard from 
every witness that was here, and that was this element of uncer- 
tainty. Every person here that made a prediction, when you 
pressed him as you did, even our expert scientists changed their 
word^'wiir to "may," very obviously, so uncertainty is really the 
point of the whole DOE program, to reduce this uncertainty. 

It's good for two reasons: We can't make sensible predictions 
unless we do and, second, you could not mobilize the constituency 
on the basis of uncertainties, You really have to have more to go to 
the constituency with, to address them, in case a response is called 
for. I will avoid that problem, because I thought you and Mr. 
Malone and Mr. Pome ranee explored that very well. 

Let me then just briefly— and I'm talking fast, I hope not too 
fast— go through our progress last year. We think this program— 
and Mr. Koomanoff is here with me, and we brought a picture but 
I'll just defer talking about that. You might want to look at it after 
the heari/ T . I was going to mention the report of the National 
Academy of Sciences. I don't believe I'll do that, since you had an 
opportunity to explore it, other than that we do side with their 
viewpoint to a large extent. 

We have some interesting results on the response of vegetation 
to the increases in CO2. While it has been suspected for many years 
that plants would grow more rapidly in increased CO2, since that's 
their food, for the first time we actually did experiments in coop- 
eration with the U.S. Department of Agriculture on field tests of 
soybeans and corn, and sure enough, two things came out of it: 
One, both soybeans and corn respond by growing faster, and appre- 
ciably faster, as the CO2 level is increased. Second, the plants' abili- 
ty to use water, a very critical aspect everywhere but the arid West 
particularly, increases as the concentration of CO2 increases. 

Now we are not advocating increasing CO2 to make our plants 
grow faster, but we need this information to balance the scientific 
books. We car.'t understand what the previous witness talked 
about— where does the carbon come from and where does it go 
to?— unless we understand the uptake of CO2 by plants. 

Finally there is this subject you alluded to briefly, and it's good 
news and nothing we had anything to do with, and that is the de 
creased use inenergy per GNP of the Western World, at least. For 
a long time, it's very clear, since about 1974, that we are using less 
energy in the Western World. It wasn't clear whether this was a 
result of the worldwide recession or whether it was a result of effi- 
ciencies, but if you look at it in the aspect of the amount of energy 
it takes to produce a unit of GNP it, to at least some extent, disen- 
tangles the recession aspect. It's very clear that the Western World 
at least has a greatly reduced rate of carbon consumption per unit 
of GNP. This has the effect of delaying the onset of whatever is 
going to happen by some period of time. We're clearly using less. 

Now the undeveloped world is kind of divided into two parts, 
those who would like to use energy as profligately as we do but 
can't afford it. and ones like the Chinese who have the energy and 
may well use it. and they are growing at a much faster rate than 
the developed world. 

I think that's about enough, other than the international out- 
reach. We've made a log of the people working on this problem 
throughout the world. There's over 1,600 and 40 percent are out- 
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side the United States, which gives me pleasure, extending as far 
as China, the People's Kepublie™which have, by the way, 500-year- 
old weather records, which is unique in the world. 

I will skip now, then— that s kind of a resume of what happened 
last year— to what we're going to do in the coming year. Certainly 
you have heard from all concerned that we have to improve our 
models. There is just absolutely no doubt about that. You heard 
Professor Sagan say we'll never get them to the point where we'll 
be able to say, "This will happen in the world at a certain time." 
Very tiue. Models really use two things to predict. They use an 
input of science—physics, chemistry, meteorology— and they also 
use estimates of what future consumption will be. Both of those are 
extremely difficult. 

We're going to work on our models from really twj points. One is 
to get greater spatial resolution. It really doesn't lu.ip much if I tell 
you that the average temperature of the world is going to change. 
vVhat you really need to know to take action is localization and wa- 
terfall, along with the change in temperature. You need to know 
what's going to happen to a certain area, how the temperature and 
the rainfall will change. Our current models are totally inadequate 
to make those k nd of predictions. 

A 1-degree average in the world doesn't mean much. I keep kid- 
ding Fred that he should release more C0 2 , this has been a terribly 
cold winter this year, and he tells me that's not true, that world- 
wide this is not a very cold winter, so you see the importance of 
regional predictions rather than just the worldwide average. 

Another thing we're going to do is to launch— by the way, the 
two witnesses that covered the importance of the ocean, we 
couldn't agree more. I don't think it has been negligence or stupidi- 
ty on our part. Modelists tend to do first things first. They treat 
what they can first. What they can't handle, they treat with simple 
approximations, and I think the two witnesses— Dr. Broecker and 
Dr. Jenkins— make a pretty convincing case we can't treat the 
oceans as simple approximations much longer. We're going to have 
to get much smarter about what's happening out in the ocean or 
our models will be pretty meaningless. We intend to do that in the 
coming year. 

We also have asked for— although this is not a budget hearing— 
an additional $900,000 next year to look at the trace gases, a worri- 
some que rtion that really needs more examination. You might be 
interested to know that some of the predictions on sea level rise 
really result more from increase in those trace gases, if you look at 
the innards of the model, than they do from C0 2 increase, s<~ we 
can't afford to talk about C0 2 as though it were the single problem 
that we're faced with, so we're asking for that. 

Next year, to hurry along, there are going to be a number of 
forthcoming reports. We will have state-of-thi N -art reports which 
pick single topics, and we'll write them up. We'll have them peer- 
reviewed by the AAAS to give scientific uniformity and quality to 
them, and publish them. We will also try to wrap these state-of-the- 
art reports up into a single statement of findings, which will be the 
state of the art—what we know, what we don't know, what the un- 
certainties are, and what we think should be done. 
That's a race through in o minutes. 
[The prepared statement of Dr. Kane follows:) 
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Statement of Or. James S. Kane 
Deputy Director Office of Energy Research 
Department of Energy 
Mr. Chairman and Members of the Subcommittee: 

It 1s a pleasure to appear before you todty to describe the Department's 
Carbon Dioxide research activities. The Department's FY 1985 budget request 
for this activity 1s $13.5 million. 

The "greenhouse effect" has become a household wora. National television, 
news weeklies, local radio stations through national wire services, and even 
comic strips have carried the news of the potential warmln* of the earth due. 
to an Increase 1n C0 2 . The public 1s told that the Increased C0 2 levels 
are due largely to our use of fossil fuels. That the public 1s becoming 
Increasingly aware of the Issue 1s a natural consequence of the active C0 2 
research for which the DOE has had the lead responsibility over the past 7 
years and the publicity surrounding 1t. 

The Department of Energy was originally asked to Initiate a specific 
research program directed toward understanding the effects of increasing 
atmospheric carbon dioxide. Shortly thereafter the National Climate Program 
Office designated the DOE as the lead agency for coordinating the Government's 
research efforts on this Issue. The functions assumed by the DOE Carbon 
Dioxide Research Program 1n this role were to: 

o Coordinate federal research related to C0 2 ; 

o Sponsor specific projects that would increase the knowledge base and 
support refinement of the conceptual tools being used to help understand 
the phenomena; 
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o Perform continuing technical reviews of the worldwide research effects; 
and 

o Communicate to all Interested parties, domestic and International, the 
scope, progress, and findings of the research. 

It 1s evident from our findings and thoseof others that the C0 2 

question remains an important research issue. The research problem 

1s complex and many talents and scientific disciplines will be 

required to resolve 1t. In spite of the effort to date, scientific 

uncertainties remain* Under the current research program, the 

Government and scientific community, however, have defined the approaches for 

reducing these uncertainties* 

Several reports dealing with the C0 2 Issue have been published 
recently. The Department of Energy was pleased that the Rational 
Academy of Sciences' report, Changing Climate, focused on 
scientific uncertainties. We agree with the Academy position that 
Increased scientific understanding of C0 2 1s needed. Their 
conclusion 1s reasonable: we have time to conduct the needed 
research. 

Today I will cover recent progress and discuss some unresolved Issues. In 
addition, l will describe the reports we plan to publish early next year* 
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Progress 

Publications . As part of Us mission to coordinate the research, the 
Department of Energy has published a series of carbon dioxide research 
plans, Thf;se plans provide all participants and other Interested parties 
with a clear picture of the current scope and activities of the Carbon 
Dioxide Research Program and the directions for the near future. Copies of 
the draft plans were sent to this committee In early 1983. 

The summary plan published 1n December 1933 delineates the logic, 
objectives, organization and background of the research activities. The 
Carbon Cycle and C0 2 Climate Research Plans and the Reponse of Vegetation to 
Carbon Oloxide Research Plan, released 1n December 1983 and January 1984, 
emanated from a series of national and International workshops, conferences, 
and from technical reports. All the plans wore reviewed by experts 1n the 
relevant scientific fields. Implementation of the plans 1s being 
coordinated among the responsible Federal and International Institutions 
and the Involved scientific community. 

In addition, we have Initiated a carbon dioxide technical report series to 
supplement material appearing 1n proceedings, scientific journals, and other 
literature. To date seven technical reports have appeared and we expect to 
publish approximately 30 more by the end of 1984* 
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International Initiatives Our report, International Carbon Dioxide-Related 
Activitie s: Ttie International Organizations Involved and U,S, Bilateral . 
Arrangements documents the groups that are 1nvol ved. International ly 1n C0 2 
research. A directory of approximately 1600 scientists 1n the International 
science community has been developed; 40% are outside the United States. 
Discussions are underway with the Peoples Republic of China concerning 
possible joint activities, such as using their 500 years of historical 
climate data 1n our modeling efforts, ]n addition, discussions have been 
held with representatives of the international effort on C0 2 assessment • 
at the World Meteorologlral Organization - United Nations Environmental 
Program. These activities continue to enhance our International' 
outreach, 

Nineteenth Century Atmos pheric C0 2 . It 1s critical to know the atmospheric 
C0 2 level before substantial amounts of C0 2 were added from fossil fuels and 
land clearing. This "prelndustrlal value" 1s an Important Initial condition 
for modeling past, present, and future climate change, 

A new estimate of 19th century C0 2 was made at a recent World Meteorological 
Organization (wMO) fleeting of experts. The new estimate 1s 1n the range of 
260 to 280 parts per million (ppmh Oata from four laboratories supported by 
the 00t program contributed significantly to the new consensus. Tnese 
laboratories are the Carbon Isotope Laboratory at the University of 
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Washington, the Physical Science Institute at the University of Bern, 
Switzerland, the Hoods Hole Oceanographic -stitute and the Pacific 
Morthwest Laboratory. The WHO Meting of experts acknowledged that values 
on 1ce core measurements provided by the University of Bern are probably the 
most direct and accurate estimates of pre Industrial atmospheric C0 2 « " 

This new estimate has Important Implications for predicting the effects on 
climate. The previously accepted estimate for the prelndustrial C0 2 Vtvel 

'i 

was 295 ppm, The new lower value affects ,cl 1mate model predictions of global 
average temperature. Using the previous estimates for CQ 2 -level changes, the 
global average temperature increase resulting from a doubling of atmospheric 
C0 2 would range from 1.5° to 4.5°C. Using the new estimate, the upper 
bound of the temperature Increase is reduced substantially from 4.5° to 3°C. 



Carbon Dioxide Standard Reference Gases . Accurate, high-quality atmospheric 
CO.? measurements require standard deference gases. Instruments must be 
calibrated with these reference gases, and the use of a common calibration 
scale permits data from different laboratories to be easily compared. A 
program was developed with the National Bureau of Standards (NBS) and the 
Scrlpps Institution of Oceanography to produce these stabl ^standards for 
atmospheric C0 2 measurements 1n the United States and other countries. As a 
result new C0 2 -m-air Standard Reference Materials have been produce^ 
and distributed by the NBS. These standards were certified through \ 
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cooperative research with Scrips and the Joint certification process - 
assures contln ty with reference gases previously provided by Scraps, .The 
KBS Office of * -^dard Reference Materials will maintain und certify these 
standard sampi^. ^ a cost reimbursable basis. 

Crop Response to Increased COg . Experience with plants grown in C0 2 * 

controlled greenhouses or growth chambers suggests that more CO2 Increases • 

plant productivity. In cooperative research Involving the Department of. 

Agriculture and thu Department of Energy, soybeans and corn were exposed to, 

Increased levels of COp 'or one entire gnwlng season. For soybeans, an * 

Increase In productivity of at least 30* resulted from doubling of C0 2 . For 

corn, a 10-201 Increase was observed, with maximum productivity achieved at 

'y * * 

C0 2 levels of between 350 and 500 ppm. We are thus starting to get the 

quantitative information needed for an assessment of the direct effect of 

Increased C0 2 concentrations on agriculture, under conditions similar 'to those 

of conventional cultivation practice. 

One Important effect of C0£ on plants Is to control ..ilhj r" the 

small pores 1n leaves which permit exhange of .CO2 and water vapor between 
internal leaf tissue and the atmospi' jre While the exact mechanism of the 
C0 2 effect on f tMs process Is not kn wn, It appears to result in Improved 
plant w^ter use. New data, from outdoo* experiments suggest that the water 
use efficiency may Increase by 35* with a doubling of C0 2 levels. Thp most 
significant effect on corn 1s thet while photosynthesis and yield are 
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maintained or Increased, utter lots by the plant appears to be reduced. T .1 s 
could be an important development, because many plants regularly experience 
water stress, and additional C0 2 may partially alleviate the stress, 



must be performed to validate these experiments, Work 1n different 
geographic locations* with more crop varieties 1s necessary before we can 
conclude that field crops will generally benefit, from elevated CO? levels, ' 



Unresolved Is sues 

Climate Modeling . To predict the effects of Increased atmospheric C0 2 
concentration on climate, we must rely primarily on numerical models, 
Current climate ir dels are not adequate to enable us to make policy 
decisions related to C0 2 . Uncertainties concerning the role of clouds, sea 
1ce variations, and atmosphere-ocean interactions prevent extracting 
regional derail (e.g., a projection for the U.S. corn belt) from the 
results. The large, three-dimensional model s are cal led General Circulation 
Models (GCMs). The current range of model predictions 1s a 1.5° to 4.5° 
global average warming for a doubling of C0 2 (300 to 600 ppm). As mentioned 
before, more recent analyses of the climate data suggests that the CQ 2 - 
Induced warming for a doubling 1s probably 1n the range of 1,5° to 3°C. 



While these results 




remains, Additional research 
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To test the validity of the GCMs, Mveral approaches are being pursued. The 
first approach 1s to evaluate s irately each component of the model. Our 
approbations to radiative processes, such as the absorption of Infrared 
.radiation by C0 2 , can b^.tested by comparing model result* to laboratory and 
detailed atmospheric experiments. We are doing this 1n cooperation with the 
WMQ. 

A second approach to model validation 1s to compare climate model 
predictions with observations. When such comparisons are made, the 
predictions of the models agree well with the major features of the present 
climate on a global scale. Efforts to look at smaller areas (e.g., the U.S. 
corn belt) are limited because several Important physical processes, as 
mentioned earlier, have not been well represented 1n the models. 

A third approach 1s to evaluate the model response to various changing 
conditions. Even 1f the models can represent the present climate, 1t 1s not 
certain ♦hat the* will be able to accurately project climatic changes; that 
Is, although their average Indications might be correct, that does net 
guarantee their accuracy when conditions change Testing the model 
representation of the seasonal cycle, which is a verv large perturbation, 
evaluates those aspects of the model thjt respond very quickly (I.e., over 
periods of months). The most recent GCMs do well 1n representing the 
seascial cycles on large scales, but their adequacy on regional scales still 
must if. tested. 
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We are trying several approaches to test multlyeur responsiveness of the 
■Qdels. Because such tests must cover extended periods or look al 
relatively snail changes, these tests often are done with simplified models. 
Climate models are being used to investigate the climatic effects cf recent 
volcanic eruptions and solar variations. Over much longer periods, we are 
trying to determine if the models can explain the causes of major glacial 
advances and retreats and past warnings. Initial test have been conducted, 
but further tests are needed to investigate the adequacy of representation 
of the oceans and cryosphere. 

Despite much progress on these three approaches to model validation, there 
remain many areas where work is needed. First, there are important, 
unexplained differences among models and between models and data. Second, 
some model processes, such as the role of clouds 1n moderating or amplifying 
model sensitivity, have not been adequately tested. Third, model validation 
on regional and seasonal scales is still much too limited to be useful to 
those studying cllmat* impacts. „ Fourth, the investigation of the ocean's 
role 1n controlling the rate of climate change 1s Just beginning. Fifth, we 
are beqinning to study approaches for modeling how the climate change 
develops over periods of decades rather than simply the change 1n 
'equilibrium" climate. Sixth, we need to recognize that the climate is 
responding not Just to changes 1n C0 2 , but also to changes 1n such things as 
trace gases, volcanoes, and deforestation. Although we are developing a 
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tense of the. change 1n equilibrium climates that may occur, we have a long 
w*y to go before we will be able to project how climate extremes, which have 
the most effect on societal structure r will change.' 



Ocean Response to COq and Atmospheric Warming Oceans have an Important 
role 1n the C0 2 problem because they are the ultimate sink for C0 2 produced 
by burning fossil fuel. The ocean-afnosph»re coupling also determines the 
rate at which heat flows from the atmosphere to the ocean. Improved data 
and models are needed to address problems of C0 2 ar,d heat transfer from 
atmosphere to oceans. Joint ^SF-OOE research on Transient Tracers 1n Oceans 
has strengthened the data base for developing ocean circulation nodels. 
Existing ocean models, however, are Inadequate representations of ocean 
circulation. While this joint research has been fruitful, more focused 
research 1s needed. This focused program will Include: (1) measurements of 
the CQ 2 -morgan1c-organlc chemistry f 1 - water, (2) acquisition of gas 
exchange and tracer data, (3) coordination if model development with specific 
attention to data needs for multidimensional ocean circulation models, and 
(4) measurements and modeling of heat exchange for use with coupled ocean* 
cl imate model s. 

Trace Gases Initiate ve . Recent studies Indicate that trace y«*<.s (e , 
methane, freons, nitrous oxide, and ozone) can have a combined climate effect 
ranging from half to equal that of the C0 2 -1nduced climate effect. Such an 
effect 1s not only important n Its own right but complicates detecting and 
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predicting the magnitude and the rite of C0 2 *1nduced cllaate change* As a 
result, the DOE has requested an additional SI million in the FY 1985 budget 
(o?er the enacted FY 1984 budget level) to study atmospheric trace gases. 
The objective 1s to attain a perspective on the trace gases Issue In 
relation to the carbon dioxide problem. 

This effort will not answer all the questions on trace gases. It will, 
however, allow us to begin to investigate the uncertainties* For example, 
there 1s .no historical record for the trace gases comparable to that for 
C0 2 . The DUE is working with the National Climate Program Office to 
coordinate our trace gas study effort with related programs at the NSF, 
NASA, NOAA, and EPA. 



In direct Effects . Our major effort to date has been research on the direct 
effects of increased C0 2 concentration In the atmosphere: climate change 
and vegetation response. We are now starting research on the Indirect 
effects of C0 2 Increases, we have selected agriculture, forestry, water 
resources, human health, and fisheries for case studies or for regional 
documentation and analyses. Our objective Is to document the data required 
to do meaningful cost/benefit analyses. 

Sea Level . Considerable publicity and International concern surrounds the 
Issue of sea level rise from C0 2 -lnduced climate change. Estimates from 
recent reports vary from a 70 cm rise (a little less than 2 1/2 feet) 1n 100 
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years to as hlyh as a 345 cm rise (a little more than 11 feet) by the year 
2100* The>e estimates have been derived by examir/' j the sea level record 
for the past 100 years, attributing the observed rise to such Processes as 
ocean thermal expansion and 1ce melt, and using linear relationships to 
project these processes Into the future. The estimates Imply massive melting 
of 1ce; but many glaclologlsts point out that there Is no reason to 
support such direct relationships. Uncertainties of Ice-climate 
relationships are so large that the sea level could even fall because of 
Increased precipitation in the poHr regions from a C0 2 -1nduced climate 
change. The collapse of the West Antarctic Ice sheet has the potential for 
causing a 5-6 meter (16-20 ft.) sea level rise. However, glaclolaglsts 
caution that predictions of a sudden and catastrophic rise in world sea 
levels due to (^-Induced warming of this 1ce sheet are unfounded. 

In our evaluation of the (^-cl imatc/sea level Issue, we have concluded that 
the research now underway or planned will greatly Improve our understanding 
In this Important area. For example, the National Science Foundation 1s 
Supporting a 3-year research proqran, carried out by four institutions, 
which 1s the most Intensive study yet undertaken on 1ce behavior and the 
relationship between the stability of the West Antarctic 1ce sheet and 
"IqNI climate. Additionally, the National Academy of Sciences 1s planning 
a study that should produce a definitive report on sea level change and 
global climate. 
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Plans for Statements of Progress 

Spending for the National Program on Carbon D1ox1de-Cl 1mate now excr-ds $20 
■11 Hon per year among the six agencies Involved. A'„ this rate, by the end 
of fiscal year 1934 the Federal government w1 1 1 r,ave spent more thar. $100 
mllUoi. on this topic since 1978. 

The Department 1s preparing a series of reports, as an accounting of this 
effort. These State-of-the-Art reports are being prepared and will be 
ready for release 1n early 1985. The reports will reflect the results of 
a great variety of research efforts. Government and non-Government, basic 
and applied, foreign and domestic. 

_Sco pe of the State-of-tfre-Art Reports . These reports will present the most 
current and comprehensive statement possible of tte knowns, unknowns, and 
uncertainties Involved with the research data 1n each of five major research 
areas. Specific topics to be covered by the reports will Include the global 
carbon cycle, detection of C0 2 -1nduced climate rhange, climate modeling, 
direct response of vegetation to Increased C0 2 levels, and the Indirect 
effects. 

These reports win represent a significant milestone 1n the Carbon Dioxide 
Research Program. They are Intended to communicate to the broader 
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scientific community the current state of our research and progress to date 
1n each major area. A central theme will be traceab111ty via reference* for 
results, assumptions, and uncertainties 1n the findings. The writing of each 
report 1s being coordinated and edited by experts 1n the specific research 
irea concerned. There are a total of 75 authors representing 55 different 
Institutions and 6 countries. 

American Association for the Advancement of Science (AAASj Review , As part 
of a stringent quality control process, the DOE has arranged for the AAAS to 
review and critique the reports, Lach chapter will be anonymously peer 
reviewed. This process will ensure that the reports reflect the full range 
of views regarding the current state of knowledge and that no Important 
research has been overlooked. 

The Statement of Find ings. By the summer/fall of 1985, a Statement of 
Findings will bt puMshed. This report will synthesize the State-of-the-Art 
reports and other studies and present an Integrated, systems view of the 
entire research program needed to reduce uncertainties. The report 1s 
expected to provide a comprehensive state-of-knowl edge discussion of the 
potential long-term Implications of Increasing levels of C0 2 rather than 
definitive recommendations pertaining to amelioration policies and strategies 
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U 1$ the goal of the Department of Energy to provide a base of facts such 
that environmental decisions and actions can be based on solid 
understanding, Studies done to date have led to a much improved 
understanding of the role of carbon dioxide In the global environment. More 
research 1s stll 1 needed before policy decisions pertaining to national and 
International strategies for ameliorating potential adverse effects can be 
made. We are pleased that our coal was also stressed by the Carbon Dioxide 
Assessment Committee of the National Ac*demy of Sciences. 



In short, at this time we know that change can be expected, but we do not 
know the timing, location or magnitude. We must concentrate on Improving 
our knowledge base before we can make meaningful Impact assessments, plan 
strategies for modification, adaptation and prevention, or develop policy 
options for consideration. The DOE's role 1n this national effort at this 
time Is to improve the knowledge base. 

Mr. Gore. Well, again I apologize for the fact that we are under 
such severe time constraints and for the fact that earlier witnesses 
absorbed our attention so much that we ate up some of the time we 
should have spent with you. 

Let me just ask one question, and I will save the others for the 
record: You are requesting $13,418 million for the CO* budget this 
fiscal year as opposed to $12.5 last year. Do you have figures on tne 
total national climate program? It was $24,563 last fiscai year. 
What's it going to be this year? Do you know? 

Dr. Kank. Do you have those numbers? 

Mr. Koomanoff. No, we have not received those numbers as yet. 
We go out to each of the sister agencies and ask them what their 
budgets are and since we are all going through the budget cycle 
rujht now, no one wants to commit exactly what will be spent in 
those areas until the budget has been approved by the Congress. As 
soon as that is done, like the other data that we have supplied, we 
will be able to supply it not only by agency but Ly what region. 

| The following was supplied for the record:] v 



National program on carbon dioxide — climate 




Estimate 
19X5 



Department of Kntfery 

National Science Foundation 



$13.4 18 
6.718 
1 .06 1 
£92:* 
215 



National Oceanic and Atmospheric Administration 

Department ui Agriculture 

Department of Interior 



Total 



25.235 
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Mr. (ioKK. Very good. OK. 

Again, 1 wish we could spend more time, but I am grateful for 
your prepared statement and the answers you are going to provide. 
I think it has been a very interesting hearing. I would like to 
thank all of the witnesses. With that, we will stand adjourned. 

(Whereupon, at 12:5(5 p.m., the subcommittees recessed, to recon- 
vene at the call of the Chair.] 

(Questions and answers submitted for the record by Dr. Kane 
follow:] 
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Department of Energy 
Washington, D.C. 20585 



March 30, 1984 



Ms. Butty Eastman 

Committee on Science and Technology 
Subcommittee on Investigations 

and Oversight 
House of Representatives 
Washington, D.C. 20S15 

Dear Ms. Rastman: 

On February <?B, 1984 , Dr. James S. Kane, Deputy Director 
of ihr: Office of Energy Research, appeared before the 
Subcommittee on investigations and Oversight and the 
Subcommittee on Natural Resources, Agriculture Research 
and Environment of the Science and Technology Committee 
to dioeusa carbon dio'tide and the greenhouse effect. 

following that hearing, the committees submitted written 
questions for response to supplement the record. Enclosed 
■are the answers to those questions. 

rf vou have any questions, please call Ingrid Nelson u A Turn 
Pr»'torius of my stairt: on 252-4277. They will be happy to 
assist, you. 




Sincerely, 



Robert G. Rabben 
Assistant General Counsel 
for Legislation 



Knc I os ure 



190 



187 



WWST HKAHING QUEST I&NS AND ANSWERS 
RELATING TO THE 

# » 

FEBRUARY 28, 1984, HEARING 
BEFORE THE 

SUBCOMMITTEE ON INVESTIGATIONS AND OVERSIGHT 
AND THE 

SUBCOMMITTEE ON NATURAL RESOURCES, AGRICULTURE RESEARCH AND ENVIRONMENT 
COMMITTEE ON SCIENCE AND TECHNOLOGY 
U.S. HOUSE OF REPRESENTATIVES 
WITNESS: DR. J. KANE 
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QUESTIONS FOR 
DR. JAMES S. KANE 
DEPARTMENT OF ENERGY 



RE SEARCH TIMETABLE 

Question IA: On page 2 of the testimony you state, "We agree with the academy 
position that increased scientific underatanding of C0 2 is needed. Their 
conclusion ia reasonable: We have time to conduct the needed research." On 
the other hand, the EPA report ia not so optimistic. What scientific evidence 
has lead you to conclude that there ia adequate time to conduct the necessary 
research? 

Answer: Previous analyses have shown a steady exponential growth of global 
C0 2 production at 4.3 .percent per year. With the exception of the two world 
VM " * nd the B reat economic depression of the 1930s, this growth rate appeared 
to persist back to I860. Recent analyses by the Institute for Energy 
Analysis, Oak Ridge Associated Universities, however, h«ve shown that for the 
period 1973-1983 the rate 'of growth averaged only 1.86 percent per year, a 
significant decrease, 1975 i« the year when pricing of the worlds oil 
supplies underwent major changes causing consumers to reevaluate their needs 
for oil. This is evidence that the fossil fuel era has undergone fundamental 9 
changes} rates of growth of C0 2 emissions that were possible with "cheap 
energy" are unlikely in the future. As a consequence, most recent estimates 
of future global energy requirements now project energy growth rates in the 
0,8-2.6 percent range for the next 100 years. If one chooses a mid value of 
growth, for example, 1.5Z, this slower rate of C0 2 emission, if sustained, is 
very important to the carbon dioxide issuo because atmospheric buildup of 
carbon dioxide will occur more slowly thus CO. doubling time is extended to 80 
years from now. This longer time Co doubling allows more time to investigate 
climatp «nd other possible consequences of increasing carbon dioxide, Another 
important piecp of evidence is a new estimate of 19th century C0 2 reached at a 
recent World Meteorological Organisation meeting of experts. The new ultimate 
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it in the range of 260 to 280 ppm. Thia new estimate hit important 
implications for effects on climate. The previously accepted estimate for the 
preinduatrial C0 2 level vas 295 ppm. The increase from the n*w level for 
preinduetrial C0 2 , 260 to 280 ppm, to the current 340 ppm level over the last 
100 to 150 years constrains climate model predictiona of global average 
temperature. Using the previoua estimates for COj-level changea, the global 
average temperature increaae would range from 1.5° to 4.5°C. Uaing the new 
estimate, the upper . imit of the temperature range it reduced substantially - 
from 4.f>° to 3°C. 

Queation IB. Some teatimony preaented in today 1 a hearing points out that the 
impact of the greenhouae effect ia being felt today. Doesn't thia indicate 
that we should accelerate the reaearch prpgram in caae the academy' a ano your 
position are too conservative? 

Answerl The Department of Energy believes there ia no firm evidence to 
aupport the statement that the impact of the greenhouse effect ia being felt 
today. For example, the obaerved temperature change over the paat 100 years 
ia not inconaiatent with the direction of C0 2 change and model projection, 
however, since the obaerved temperature change ia atill under the range of , 
natural variability, we can not clearly diatinguiah what we would call's C0 2 ~ 
induced clime ^e change. Other changea, such aa aea level, are alao not 
inconaiatent with projected changea, but they are all within natural 
variability and we atill do not have a clear cause and effect relationship. 
In regard to accelerating the research program, we believe the appropriate 
time for decisions of thia nature would be following publication in 1985 of 
the state-of-the-art .and atatement of findinga reports described in the 
testimony. The aim of this effort ia to present an integrated, systems view 
of the entire research program needed to reduce uncertainties. 
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PKK INDUSTRIAL CO, LEVEL 



Question 2A, On page 4 you aeiee that a new estiaste of 19th century CO, was 
made placing the range at between 260 to 280 parts per million (PPM). The 
previously accepted estimate for the preindustrisl COj level vss 295 ppm. 
Further, you indicate that this information would have the effect of reducing 
the upper bound of the temperature increase, from the greenhouse effect, from 
4.5 to 3 degrees centigrsde. It would sppesr thst if there were less C0^ in 
the 19ch century then it indicstes thst the rate of increasing stmospheric 
concentration is even grester than previously thought. This would indicate 
that the problem is even more serious than originally believed. Would you 
comment on thia please? 

Answer: One of the earlier witnesses stated that one solid boundary condition 
was worth 1000 hours of computer time. A firm measurement of the 19th century 
atmosphere C0 2 level provides such s key boundary condition for climate 
modeling and carbon cycle modeling. For exsmple, if I select the 260 ppm ss 
-he 19th century C0 2 level, then over the lsst hundred yesrs C0 2 has increased 
BO ppm inatead of 43 ppm. The observed temperature increase over the last 
hundred yesri is sbout 0.3 to 0.5°C. This boundary condition and obaerved 
temperature change are more consistent with models predicting a 1,5 to 3°C 
temperature change for a doubling of C0 2 than models predicting an increase 
above 3°C. Thia meana climate is molt likely less senaUive than first 
thought. We still need to examine why some models predict higher 
sensitivities. For example clouds csn set to increase or decrease 
temperature. Currently, the majority of models suggest an overall neutral 
effect. The oceans can slow the response csusing a lag of 10-25 yeara. One 
researcher claims a 100 year ocean lag. That would mean that the 4.5°C 
increase would not be inconaiatent with the observed change in C0 2 and 
temperature. The working consensus is that the 100 years ia not valid, but 
the argument must be presented in the science process and stand or fall on its 
own merit. 

I believe that this confirms thst the modela sre sufficient to give us the 
direction of the tempersture chsnge, not the rate of ehsrhge or regional 
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distribution of change. 

Queition-2B'. Baied on the new estimate that the maximum temperature wartaing 
when the C0 2 level ia doubled, ia 3 dagreea centigrade, doea thia mean that 
the impact of the greenhouae effect ia not aa aerioua aa originally thought? 



example, paleoclimate recorda show that a l°-2° ahift in mean ia aaaociated 



The new rotulta auggeat climate ia l*aa aenaitive to increaaed COj. In othe 
worda, we may experience leaa of a climate change for a given increaae in 
C0 2 . Thia tranalatea into increaaed time for reaearch on the rate, magnitude 
and geographic diatribution of climate change. Alao, the additional time 
allows increaaed flexibility in our reaponaea. For example, genetic 
engineering for agriculture may allow ua to accept and take advantage of a 
larger change in climate than we could do otherwise. 



Anawert No. A 1.5 to 3°< 



C temperature increaae would be aerioua. For 



with precipitation changea that would have aerioua affecta on agriculture. 
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CO, EFFECT ON CROPS 



Question 3AI On page 6 you describe a series of experiments with plants grown 
in CO9 controlled greenhouses* The research results indicate that the CO* 
stimulates plant growth. Did theae experiments take into consideration the 
changes in climate , temperature or water? If not, aren't these results very 
preliminary at best? 



end growth, and were obtained using open-top chambers and aoil-plant- 
atmosphere designs for precise control of atmospheric CO^. These approachea 
have produced unique field-type data on yield of a harveatable product for 
conditions of conventional cultivation practice, natural aunlight and ambient 
temperaturo-precipitation*humidity-wind conditions* Such conditions i.e 
considered nore realiatic than controlled greenhouaes and aimultaneoualy treat 
the range of environmental variables that crops normally experience. The 
experimental approaches are providing meaningful data on the direct effecta of 

on yield of corn and aoybeana at four different geographic locations* 
They are Raleigh, North Carolina, Gainesville, Florida, Mississippi State, 
Mississippi, and Livermore, California, which illustrate a range of 
temperature and precipitation environmental 

The normal diurnal variation of temperature and water stress occurred vith 
these experiments* In a few instances, severe water stress was experimentally 
imposed on the crops with the result thst elevsted COj compensated for 
detrimental effects of wster stress* This response is preliminary and needs 
further confirmation with other crops; yet it is an important finding because 
it means that by aome mechanism CO2 tends to alleviate suppressed growth due 
to wster stress. This direct C0 2 effecw may compensate for detrimental 
effects of temperature end soil moisture streaa related to climate - weather 



changes whatever the causes may be. This research in providing crop yield 
data for experimental conditions of elevated CO** and for normal conditions of 



Answer: Theae results emphasise direct effects of CO* on plant photosynthesis 
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crop growth; experinsnts sre continuing to examine effects of elevated C0 2 on 
water use. Additional research ia needed to determine relationship between 
C0 2 stimulated plant growth and requirements for other nutrients, auch as 
nitrogen end phosphorous. 

Question 3Bt Bssed on the research results ss outlined in your testimony the 
conclusion could be drawn thst the greenhouse effect is beneficisl for 
crops. When climate, temperature and water supply sre considered, the exsct 
opposite conclusion is reached. Would you comment on this please? 

Answer: All evidence supports the premise thst COj directly enhsnces 

photosynthesis and crop growth. While it ia not yet possible to specify 

regionsl climste chsnge sttributsble to C0 2 , warmer temperatures and less 

rsinfsli msy indirectly effect crop productivity in areas where these climate 

vsrisblss sre currently msrgjnsl . For example, crop productivity msy decrease 

near semi-arid margins and possibly increase or not be effected st all near 

wet margins. If regionsl climste chsnge occurs, different crops may be grovn 

in a given region, or growth of a particular crop may ahift to a region of 

move optimal climate. Tnua, sdsptstion is anticipated both In terms of using" 

new species snd vsrieties, including development of new forms from plant 

breeding end genetic engineering, snd in terms of shifts of sgriculture 

production centers. Given the limited stste of Knowledge about possible 

regionsl climate chsnge, snd considering normel prscticee of * lepting crops to 

climste sones, the consequences for crop production sre uncer. sin. The 

principal unknown for which more dsts is needed is the direct effect of C0 2 . 

Once this informstion is available, and once regional climate chsnge can be 

specified, then it may be possible to snslyte comprehensive effects of sltered 

C0 2 , tempereture, precipitation and other climate related variables. 

Meantime, reeeerch is devoted to dsts scquisition snd improvement of crop snd 

climste models. 
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CLIMATE STUDIES 



Question 4A* On pige 7 you discuss, under unresolved inuei, the need for 
better climite modeling. Based on. the testimony of other witnesses, thii ii 
an important reaesrch area. What ia the level of funding for the DOE climate 



Answer. We ire ipending ibout 93.1 million in FY 1984. In FY 1985 ibout the 
lime sraount will be apent plus the requeited increaie for trace gaiei. The 
program ia documented in the DOE plan - CO* Climate Reiearch Plan , December 
1983 copiea of which have been lent to your office* The program ia divided 
into three ireiit climate modeling, firit detection »nd supporting climite 
dita ind analyiis. Climate modeling includei extending, verifying! * nd 
ipplying climite lyitem modeli for uie in eitimiting the climatic effecti of 
increasing C0 2 concentrations* Thii work alio will provide guidance for firit 
detection of climatic effecti and meiimenti of societal, biologicsl and 
economic impscts* We are spending $1*6 million on climate modeling. First 
detection involves evaluating and analysing dsta in search of evidence that 
the predicted COj-induced climate changes are in fsct occurring. Analyses of 
trends in trace gases snd aerosols also may be required, as well as variations 
in solsr activity snd IR radiation* About $0*6 million is spent on this 
effort. 

Supporting Climate Dsta snd Analysis includes searching historic and 
paleoclimatic records for evidence of different climates, particularly those 
warmer than the present, that can be used to study the mechanisms of climate 
change, to determine the ranges of past variations, and to develop analogs of 
possible COj-induced warmer, and warming, climates and supply key dsta sets 
for climate modeling and first detection. Thi» effort also brings the 
information generated by the three areas together into a statement of what we 
know and do not know about C0 2 induced climate change* About $0*9 million is 
spent in this area. 



studies? 
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Question 4B.' Is your research efforts coordinated with NOAA end NASA? 
Please explain. 

Answers Yes. We coordinate with Che NOAA, NSF, NASA and^ other Federal 
agencies through the Nationel Climate Policy Boerd end other interegency 
committees on climete, meteorology, end oceanography. Our plana are 
coordinated both through the formal boerds end directly on e colleague to 
colleague basis. * 

Proposals and technical reports receive programmatic and technic*! review. 
These are circulated for review end coordination to ageneies that have simile 
programs end interests. We elso receive proposels for coordination* This 
coordination often results in direct joint funding of projects such ea the 
DOE -NSF Transient Trecers in Oceans project end the DOE-NSF climete modeling 
at the Netionel Center for Atmospheric Reseerch. We elso heve joint projects 
with NOAA end NBS» • 
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SEA LEVEL RISE 

Question 5A. On page 11 you indicate that the projected aea level riae, due 
to doubling of the C0 2 concentration, rangea from approximately 2 1/2 feet to 
over 11 feet by the year 2100. Ia the DOE reaearch program adequate to 
provide the neceaaary data to ahov which aea level riae ia accurate? 

Anaweri Sea level nay change due to a carbon dioxide-induced climate 

change. Potentially the greateat threat ia the diaintegration of the W? 

Antarctic ice aheet which could raiae global aea level by Cive metera. .* 

feet. Speculation aa to the time involved rangea from 200 to 500 years and 

beyond, if at all. The uncertainty ia great because little ia known about the 

ice sheet itatlf and ita interactiona with the ocean and climate. 

In response to this situation, the DOE aponsored a workshop in 1980 on Lhf 

subject to promote a discussion of the resesrch problems involved end to 

develop specific projects to aolve theae problems. A summary report waa 

published by DOE. 

It ia national policy that the National Science Foundation ahall budget for 
and manage the entire United Statea national program in Antarctica. In 1983 
the NSF initiated a 3-year effort in West Antsrctics which will be the most 
intensive study ,yet on ice behavior and the relationahip between the atsbility 
of the ice sheet and its interaction with global climate. 

The DOE sees as its responsibility the support of high priority resesrch needs 
not covered by the NSF. For example, the DOE sponsored t>>» National Academy 
of Sciences to conduct s workshop to bring globsl eirculstion modelers snd 
glsciologists together to press for improvement of current simulstions of the 
existing polar climate aa a prelude for predicting a concrete ijg acenario for 
West Antarctica. The report will atate "Firm quantitative predictiona for the 
future of West Antarctica, therefore, cannot be attempted, at the present 
state of knowledge. 11 DOE initiated s contrsct with one of the top 
gleciologicsl modeling groups to exsmine the breakup potential of the Veat 
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Antarctic ice iheet and to provide a fundamentelly different ipproich to the 
only other ice iheet modeling effort eponiored by NSP. Ve alio luppleoented 
an HSF project etudying the circulation ind chiracteriitici of the Ron Sea. 
Thii eupplement brought thii top priority project up to iti intended optimu* 
level of effort. DOC cooniiiioned ■ piper on the heilth and prognoeie of the 
Weit Antarctic ice iheet by one of the nation 1 ■ leading glieiologiiti. 
The moit critical reicirch ind monitoring need for a polar orbiting latellite 
with a laier altimeter ie, unfortunately, not in the planning atagei of any 
Federal igtncy. 

Even if the West Antarct*' ice iheet never diiintegritei, lei level may at ill 
chenge due to carbon dio**de-induced climate chinge. Foeitive chmgei miy 
reeult from thermel expanei.,n and/or abletion of poler ice eheeta end mountain 
gleciere or negetive changee may reeult from a net accumulation of ice due to 
increeeed enowfall on the ice eheete. Even leee ie known ^a> ut all theee 
proceeeee including whether the eea level 4iae in fact changed in the peet 
century and if eo how much end the caueee of euch a chinge. 
To examine theee laet two uncertainties, the DOE, through the Lawrence 
Livermore Netional Laboratory, contracted for three reporte on aee level 
chenge and ite poeeible caueee. The reporte conclude that the uncertaintiee 
remain largely becauee the data eete availeble are inadequate for the taek. 
In regerd to thermal expaneion, the HAS cerbon dioxide assessment report 
cautioned thet there ie no good undere tending of heat traneport to the deep 
oceen but thet mejor ongoing reeearch efforte euch as the projected World 
Qceen Circulation Experiment ere directed et remedying thie uneatiefactory 
eituetion. 

Abletion of polt:r ice eheete, the potential contribution to eea level of 
mountain glacier and reeeerch neede wae e topic for diecueeion at the December 




198 



1983 meeting of the CosjaUttee on Claciology of Che Polar Kesoareh Hoard «t the 
urging of the DOB. 

Finally, to pull costlier all that ia know* on the overall question of tea 
level change due to a carbon dioxide-induced climate change t the BOS ie 
considering a proposal by the National Academy of Science* to sponsor e 
meeting o* experts in mid 1984. The product would as a statement oi knowledge 
on the subject to he published in Ute .984 in conjunction with the WZ 
prepared state-of-the-art reports on the major programa comprising the 
nation*. I carbon dioxide renearch effort* 

In auimaary, the Kedarsl research program ia veil suited for improving 
knowledge on thin topic. 

Queititon 5B. What io the current level of funding for reaearch that ia 
atudying the aea level rite? 

Anawev: In fiscal year the level of Federal funding for reaearch on 

COj- induced climate changes in the West Antarctic ice sheet end, the resulting 
impact on tea level totaled approximately $1*0 million* In VV 1934, this ia 
expected to increase slightly. The mnjciity of these funds come from the 
National Science Foundation. D0£ funding in this **ea in FY 1984 is $0.4 
•.Billion* Oth«v research that contsibutoa to knowledge ia the ae* level 
question, such a*'' ocean he*j* flux, can not bo separately » identified as 
responding to the CO^induced climate change question* 

Question 5C* Vh«j> do you estimate that V.he research program will begin to 
provide accurate data on the rate ef aea level rise? 

Answers We estimate it will ..take 10 yen* for a research program, sustained 
et the Ltve&a described in the above answer, to provide accurate data on 
piojected sea level changes. Sine* ;»ro.jeciior.t depend so heavily on mats 
balance f net accumulation of anow en-' ice on polar it* aheeta, calculation*, 
thi» eatiaate could ba redueed aignif ieanLly , to a few year*, if a polar 
orbitim oatellit* equipped with a lui.t altiwetrr was available. 
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C0 2 R# SB ARCH PROGRAM 

Question 6A.. One of th« witnesses presented testimony that r.he DOE CO* 
program "has been ton intent on sh&rt tem goals*" He further stated that 
"DOB support hifl been too saali, too focused and too 'mission oriented' ♦ The 
CO^-climate issu* ii a scientific) not on engineeung problem and the DOE hes 
not approached the research correctly. " Does the DOE CO- program have 5 and 
10 year goaie.? Pleese explain* 

Answer; Th« Department of Energy has prepared UeK«arch Plana which contain 
general p rogram go a Is and specific *c ign it, i fic ^ob j ec t iyo a ♦ The plana have 
various timetables for obtaining data, developing moduli, answering questions, 
but in no case are the plans organized around 5-year and 10-year gozls. In 
some caa*s the timetables ceil fay information in 2 to 3 years; in other case* 
10 to 15 '/tars* or possibly longer, will bt required Co reduce uncertainty . 
It should be fully appreciated, however, that the research tyuaa tiona are ve.U~ 
defined, an', candidate approaches ore identified Cor getting information and . * 
answering questions. The development of research plana began with a aeries of 
scientific workshop!) and conferences, for example, Miami Beach, 1977) and ove? 
the past seve'il years the plana have been reviewed, amended, updated baiod 
upon the input of acientiats, federal agencies and international groups and 
aent to the Congress. The jf<lan& explicitly invite broad participation by the 
science ccraaunity. There is no validity to the criticism that ''the DOE 
Program has been too intent <m short-term goals,' 1 and that "the &CE has not 
approached the research coirect'iy." DOK regards the CO^ issue as an 
international problem requxring much more scientific data and analysis* The 
scientific community* U.S. and international, ^ave beevv involved in all of our 
activities. 

Question 6U» Is the DCK CO^ program too misoion oriented? 
Answer: if we define "misairtn oriented," to mean d i re c ted a c t i on s t pwa r 4 s 
ach iev ing ofr j<*c t : i ve s and obt a jtnhv^ answe* h to scient i f i c quest i ons i the D0£ 
CO} program is indeed mission oriented. Th* mission is to define objectives, 
to focus activities on getting answera in a timely fashion, and to obtain 
research result* needed to support energy policy decisions. 
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Questions for 
Dr. James S. Kane 
Department of Energy 



RESEARCH TIMETABLE 

1, ofj page 2 of the testimony you state* "we agreer.with the academy 
position that increased scientific understand i n6 of c02 is needed. 
Their conclusion is reasonable: we have time to conduct the 
needed research." on the other hand* the epa report is not so 

$ optimistic, 

A, What scientific evidence has leap you to conclude that there 

IS ADEQUATE TIME TO CONDUCT THE NECESSARY RESEARCH? 

B. Some testimony presented In today's hearing points out 

that the impact of the greenhouse effect is being felt today. 
Doesn't this indicate that we should accelerate the research 
program in case the academy #s and yduft position are too 
conservative? 

PRE INDUSTRIAL C02 LEVEL 

2. ON PAGE k YOU STATE THAT A NEW ESTIMATE OF 19TH CENTURY C02 WAS 
MADE PLACING THE RANGE AT BETWEEN 260 TO* 283 PARTS PER MILLION 
(PPM). THE PREVIOUSLY ACCEPTED ESTIMATE FOR THE' PRE INDUSTRIAL C02 
LEVEL WAS 295 PPM. FURTHER. YOU INDICATE THAT THIS INFORMATION 
WOULD HAVE THE EFFECT OF REDUCING THE UPPER BOUND OF THE 
TEMPERATURE INCREASE. FROM THE GREENHOUSE EFFECT. FROM <t.5 TO 3 
DE6REE5 CENTIGRADE. ' . 

A, IT WOULD APPEAR THAT IF THERE WERE LESS C02 IN THE 19TH 
CENTURY THEN IT INDICATES THAT THE RATE OF INCREASING 
ATMOSPHERIC CONCENTRATION IS EVEN GREATER THAN PREVIOUSLY 
THOUGHT. THIS WOULD 'indicate THAT THE PROBLEM IS EVEN 

MORE SERIOUS THAN ORIGINALLY BELIEVED. WOULD YOU COMMENT ON 
THIS PLEASE? 

B, Based on the new estimate that the maximum temperature 
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HARMING i WHEN THE C02 LEVEL IS DOUBLED* IS 3 DEGREES 
CENTIGRADE* DOES THIS MEAN THAT THE IMPACT OF THE GREENHOUSE 
EFFECT IS NOT AS SERIOUS AS ORIGINALLY THOUGHT? 

C02 EFFECT ON CROPS 

3. ON PAGE 6 YOU DESCRIBE A SERIES OF EXPERIMENTS WITH PLANTS GROWN 
IN C02 CONTROLLED GREENHOUSES, THE RESEARCH RESULTS INDICATE THAT 
THE C02 STIMULATES PLANT GROWTH, 

A. OlO THESE EXPERIMENTS TAKE INTO CONSIDERATION THE CHANGES IN 
CLIMATE. TEMPERATURE OR WATER? IF NOT* AREN'T THESE RESULTS 

VERY PRELIMINARY AT Bf.ST? 

B. Based ok the research results as outlined in your testimony 
.the' conclusion could be drailn that the greenhouse effect is 

, beneficial for crops. when climate* temperature and water 
supply are considered* the exact opposite conclusion is 
reached. Would you comment on this please? 

CLIMATE STUDIES 

*. on page 7 you discuss. under unresolved issues. the heed for 
better climate modeling, based on the testimony of other 
witnesses. this is an important research area. 

a, what is the le.vel of funding for the doe climate studies? 

b. is your research efforts coordinated with noaa and nasa? 
Please explain. 

c 

SEA LEVEL RISE 

5. On page ll you indicate that the projected sea level rise, due to 

DOUBLING OF THE C02 CONCENTRATION* RANGES FROM APPROXIMATELY 2 1/2 
FEET TO OVER 11 FEET BY THE YEAR 2100. 

A. IS THE DOE RESEARCH PROGRAM ADEQUATE TO PROVIDE THE NECESSARY 
DATA TO SHOW WHICH SEA LEVEL RISE IS ACCURATE? ' 

B. What is the current level of fundi n* .or research that is 

STUDYING THE SEA LEVEL RISE? 

C. When do you estimate that the res, « program will begin to 

PROVIDE ACCURATE DATA ON THE RATE . -.EA LEVP. RISE? 
CO* RESEARCH PROGRAM 

6. One of the witnesses presented testimony that the DOE C02 program 

"HAS BEEN TOO INTENT ON SHORT TERM GOALS." HE FURTHER STATED THAT 
"DOE SUPPORT HAS BEEN TOO SMALL* TOO FOCUSSED AND TOO 'MISSION 
ORIENTED'. THE C02-CLIMATE ISSUE IS A SCIENTIFIC* HOT AN 
ENGINEERING PROBLEM AND THE DOE HAS NOT APPROACHED THE RESEARCH 
CORRECTLY." 

•A, Does the DOE CQ2 program have 5 and lO year goals? Please 

EXPLAIN, 

8. IS THE DOE C02 PROGRAM TOO MISSION ORIENTED? 
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